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TRANSLATOR’S PREFACE 


et 


‘THE present (third) English edition of Professor Nernst’s great work 
corresponds to the sixth German edition. It contains a detailed 
account of the author’s new theorem in thermodynamics, a chapter on 
_ radioactivity, and a large amount of other new matter. 

___ In preparing the new edition, I have revised and partly rewritten 
the old translation, incorporated the new matter, and made a few 

additions to the text here and there, at the suggestion of Professor 
_ Nernst, in order to bring the book up to as late a date as possible. 
_ These additions include an account of Nernst’s recent work on specific 
heats at low temperatures; Perrin’s researches on the Brownian 
movement ; and a few of the latest applications of Nernst’s new 


H, T. TIZARD. 


PREFACE TO THE FIRST GERMAN EDITION 


THE following presentation of Theoretical Chemistry is a development 
of an “introduction” which I wrote two years ago for the Handbuch 
der anorganischen Chemie, edited by Dr. O. Dammer (vol. i. pp. 
1-358). In keeping with the broader requirements of an independent 
text-book—not merely an introduction to a special work—it has 
been considerably rearranged and extended. The necessity for this 
was further made clear on consideration of the latest investigations, 
which, without causing any material change in the more recent theories, 
have nevertheless developed them to a surprising extent. 

I believe that at present there has come a period of quiet but 
fruitful toil for the investigator of physical chemistry. The ideas are 


“not only at hand, but they have attained a certain maturity. New 


theories of value are always fruitful, in that they are followed by 
a period of enthusiastic activity ; thus at present we see the powers 


| . . . * oye . . . . . 
of investigation of many civilised nations occupied with rare unanimity 


in the hearty and successful development of the general system of 


theoretical chemistry. 


At such times there is especial need of a statement of the guiding 
ideas, which shall give instruction to the student and advice to the 
investigator. As is well known, this need was completely satisfied in 


_ every respect by Ostwald’s two excellent treatises, the short Outlines 
and the larger Manual of General Chemistry (Lehrbuch der allgemeinen 
Chemie), the latter of which has passed to a new edition. 


Therefore I entertained serious doubts as to the advisability of a 


i new work on the same subject from essentially the same point of view. 
i But the saying that “When many come, much comes” seemed 
applicable, and my scruples were finally completely removed by the 
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- direct encouragement of Professor Ostwald in the preparation of this 
ee edition of the introduction to Dammer’s Handbweh; and I 
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was supported in this undertaking both by the editor, Dr. O. Dammer, 
and by the publisher, Mr. F. Enke, of that work. 

In a treatise on theoretical chemistry, widely different chapters of 
physics and chemistry must, of course, find their place ; it must contain, 
in fact, all that the physicist must know of chemistry, and all that the 
chemist must know of physics, unless both are content to be specialists 
in their own science. The development of physical chemistry as a 
special branch of natural science means, therefore,—and I would lay 
particular emphasis on this—not so much the shaping of a new science, 
as the uniting of two sciences hitherto somewhat independent of each 
other. In the selection of the material with which physical and 
chemical investigation has provided us, I have been guided less by 
the aim to make this as complete as possible—a task to which I 
did not feel equal—as by the wish to describe in detail, only those 
experimental data which either possess universal importance, or show 
promise of attaining it; only those hypotheses which have already 
proved themselves helpful; and finally only those applications capable 
of being used systematically, whether their nature is that of calculation 
or of experiment. The latter aim necessitates the description and 
illustration of several important pieces of apparatus for the laboratory. 
I have attached great importance to the incidental description of some 
simple lecture experiments, which I have tested for several years in 
my capacity as teacher of physical chemistry. As I have sought to 
represent the science as it is at present, not the process of its evolution, 
—to give it in fact a form unobscured by the accidents of historical 
development—the historical element has necessarily been suppressed, 
and recent literature more particularly considered. I trust that this 
method of treatment will not be taken as implying any lack of respect 
for those remarkable men, who, by their work, laid the foundations 
upon which we build to-day. 

In carrying out this plan, it continually became clearer to me that 
the theoretical treatment of chemical processes—the most important 
part of my task—depended firstly on the Rule of Avogadro, which 
seems to me an almost inexhaustible “horn of plenty” for the mole- 
cular theory ; and secondly on the Laws of Energy, which govern all 
natural processes. I considered that this view should be emphasised 
in the title of my book... . 

: Wet: 


GOTTINGEN, April 1893. 
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INTRODUCTION 


-TO SOME. FUNDAMENTAL PRINCIPLES OF 
MODERN INVESTIGATION 


JEmpirical Facts and their Hypothetical Generalisation.—As 
| the most common and immediate aim of physics and chemistry, we 
| may propose to answer as thoroughly and as simply as possible, and 
| for as many cases as possible, this question, viz. in a given system 
| of limited dimensions, what events will take place, and what will be 
| the condition of this system after the lapse of a definite time? For 
| the solution of this problem it appears necessary, first of all, to realise 
| and to trace out the history of that system whose future we would 
| follow. With what success this problem is to be attacked depends 
| upon the skill and the resources of the observer, and results will grow 
| with the art of experimentation. 
j But the infinite variety of interesting systems occurring in nature 
' on the one hand, and on the other the unlimited pains which human 
endeavour must take in a thorough investigation of any one changing 
system, would effectually deter the discouraged investigator from a 
systematic examination of natural phenomena, had he not another 
resource besides the direct impression of his senses. This resource is 
the theoretical value of conclusions drawn from different systems, and 
| consists simply and solely in transferring to a second system, by means 
| of analogy, observations already obtained from any given system. If 
we have studied the case of the falling of a heavy body at one point 
of the earth’s surface, then it is at once possible to transfer some of the 
' observed phenomena to other systems; for example, to the falling of 
a heavy body at other points of the earth’s surface. The successful 
' scrutiny of the student of nature reveals itself in finding out that 
| which phenomena, apparently very diverse, have in common, and the 
_ results are the more brilliant as the parallelised phenomena appear at 
_ the outset more diverse. 
B 
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The transference of observations from one case to another is 
naturally at first attended with uncertainty, but when it is repeatedly — 
confirmed by experience, takes place with ever-increasing certainty, 
until it finally attains the position of an empirical law of nature. The 
discovery of such a law—as, for example, that which permits the 
calculation of the specific heat of solid compounds, from certain 
numerical coefficients of the elements, viz. the so-called atomic-heats— 
invariably indicates great and undoubted progress, as it embodies 
many empirical facts and allows the anticipation of many new ones 
previously unknown. 

The history of the exact sciences teaches us that we may discover 
new laws of nature in two essentially different ways, one of which ~ 
may be designated as the empirical, the other as the theoretical. In 
the first way we endeavour, by means of suitable observations, to 
collect abundant material, capable where possible of mathematical 
expression, concerning the occurrences between which we suspect a 
connection, and then to approach our end by combining (again purely 
empirically) the results so obtained; in this way, for example, were 
found certain relations between the properties of the elements and 
their atomic weights. The second way, on the other hand, leads from 
a thorough conception of the nature of certain phenomena by means 
of pure speculative thought, to new knowledge, the correctness of 
which must then be tested by experiment ; thus, by kinetic considera- — 
tions of the combination and dissociation of substances reacting on — 
each other, the law of chemical mass action was discovered. 

The first of these two methods, the empirical, can be proposed in 
all cases, and will invariably lead to definite results, after work which — 
is indeed usually very tedious. The value of a law of nature so won ~ 
will be mainly determined by its applicability, and our admiration — 
for it will be the greater, the more numerous and varied are the © 
phenomena concerning which it affords information. For these reasons — 
the most brilliant example of an empirically derived law of nature is © 
undoubtedly afforded by the doctrines of thermodynamics, which are ~ 
applicable to every process occurring in nature, and therefore demand 
attention in the scientific investigation of each single natural pheno- © 
menon. On the other hand, to be sure, the comprehension of such a 
far-reaching law of nature will be the more difficult, and its treatment ~ 
will require more practice, the more universal it is, and in the given © 
cases the difficulties of a correct and complete application to a — 
particular phenomenon are often so great that the successful trans- — 
ference of the general principles to a special case denotes an undoubted — 
scientific advance, although the result so obtained, considered as an — 
application of a more general law, offers really nothing new. a 

Although this purely inductive method has always had and will — 
always have great significance for the advancement of the natural 
sciences, yet we undoubtedly penetrate more deeply into the nature — 


~ 
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of the phenomena under consideration when by means of the second 
way, 7.¢. on the ground of conclusions exhaustively arrived at and 
their subsequent theoretical extension, we arrive at a new law of 
nature; therefore this way must always be the more enticing. 
Obviously it is only by a proper choice of those conceptions which 
serve as a basis for our theoretical considerations that we can use this 


‘method successfully. But now the nature of the case often prevents 


us from submitting the truth of these fundamental conceptions to the 
direct test of experiment, so that the investigator who uses the method 
too rashly is in constant danger of being led astray by the ignis 
Jatuus of unhappily chosen first principles. 

Conceptions of this sort, incapable of direct proof by experiment, 
are called hypotheses: as, for instance, the assumption of a space- 
pervading luminiferous ether which, because of its imponderable mass, 
is imperceptible to our senses ; or the assumption that all matter con- 
sists of very small but not infinitesimal particles, incapable of further 


' subdivision, and, on account of their smallness, intangible to the 
senses. The introduction of these hypotheses, as above observed, has 


become necessary in order to obtain a deeper knowledge of natural 
phenomena, which in turn leads to new and legitimate results. 
These are accessible to experiment, and good results prove, not the 
correctness of the hypothesis itself indeed, but its utility ; while 
a miscarriage shows beyond a doubt not only the unsuitableness, but 
also the incorrectness, of the conceptions from which we have started. 

In suitable ways the hypothesis is a very important assistance to 
science ; it has no self-interest at all, at least not for the student of 
the exact sciences, but must rather adduce proof for its own right of 
existence, like a bridge uniting known empirical facts with one 
another, or leading us to new ones. The advantage of a good 
hypothesis consists essentially in deepening and broadening our know- 
ledge of natural phenomena, 7.¢. in doing the same as an empirical law 


of nature. That the human mind has turned with predilection at all 


times, though in different degrees, to the elaboration of hypotheses, is 
to be ascribed to the circumstance that the mental satisfaction afforded 


_ in finding a new law of nature is greater when it is inferred deductively 


from universal generalisations, than when inferred inductively from 


knowledge tediously acquired. 


“We may say then that the speculative activity of the investigator 
must be directed, not only to observation and measurement of pheno- 


mena, but to the discovery of the most general laws and the most 


useful hypotheses. When these theorems are put into words or 


formule others than the discoverer can take part in testing them ; 
_ and any really sound new theorem brings the power of foretelling a 


_ whole sheaf of detail. ‘He who learns the law of phenomena gains 


‘not only learning, but the power of entering into the course of nature 
‘and of working on it further according to his will and need. He gains 
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insight into the future course of these phenomena. He gains indeed 
faculties that in superstitious times were looked for in a and 
magicians ” (Helmholtz, Goethe Lecture, 1892), 

At present we possess some empirical laws and hypotheses which 
are of the widest application; which must be considered in the 
didactic treatment of every branch of natural science, and which 
demand very particular consideration in showing the present condition 


of theoretical chemistry. The law of the indestructibility of matter — 


was first clearly demonstrated by chemical investigation. The law 
of the indestructibility of energy has called into being a special branch 
of chemistry, viz. thermochemistry; and the fruitfulness of the 
law of the convertibility of heat into external work has perhaps never 
had a more brilliant illustration than in its application to chemical pro- 
cesses. Finally, the atomic and molecular hypotheses appear to be in- 
dispensable for a comprehension of the nature of chemical compounds. 


Range of Validity of a Law of Nature.—It has often been 
assumed in the past that any real law of nature must be absolutely 
true ; at present this can no longer be accepted, at least everything 


points to the conclusion that there are no such laws at all, but that all — 


so-called laws of nature are more or less exact, but never completely 


so, and that a limit can be reached in every case where the law _ 


entirely fails. To take one example, we have very decided grounds 


for believing that the second law of thermodynamics no longer holds — 


when applied to very small masses of substances. It would be absurd, 


however, in this and similar cases, to deprive at once the principle in — 
question of the rank of a law of nature; in fact, we can say that the © 
question whether a law of nature is absolutely true or not, never — 


arises ; what we have to consider is the range of its validity. 


This conception is not without importance for the question of — 


the certainty of scientific progress altogether. It is common to speak 


of the inadequacy of human inquiry, simply because many a long- ~ 


recognised law has had to undergo revision to meet the requirements 
of the progress of knowledge. If we consider the matter more closely, 
it is obvious that the law in question has retained its validity over a 
wide range, but that the limits of its applicability have been more 
sharply defined. It can even be said that since the development of 
the exact natural sciences, there is scarcely one law established by an 
investigator of the highest rank which has not preserved for all time a 
wide range of applicability, 2.e. which has not remained a serviceable 
law of nature within certain limits. We cannot say, for example, 
that the electro-magnetic theory of light has completely overthrown 
the older optical theory put forward by Fresnel and others. On the 
contrary, now as formerly, an enormous range of phenomena can be 


adequately dealt with by the older theory. It is only in special cases — 


that the latter fails; and further, there are many relations between 
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optical and electrical phenomena which certainly exist, but of which 
the older theory takes no account. Hence the electro-magnetic theory 
implies a great advance, but by no means nullifies the successes of the 
older theory. 

So scientific theories, far from dropping off like withered leaves in 
the course of time, appear to be endowed under certain restrictions 
with eternal life; every famous theoretical discovery of the day will 

‘ doubtless undergo certain restrictions on future development, and yet 
remain for all time the essence of a certain sum of truths. 


Measurement.—It must be the constant endeavour of the in- 
vestigator to give his observations a quantitative form. A description 
| of phenomena is usually unintelligible and misleading, repetition of 
observations is made greatly more difficult, when data as to the 
magnitudes concerned are not given. 

The choice of units is arbitrary ; various practical and historical 
accidents have led to the fundamental units of length, time, mass, and 
temperature. Similarly other quantities that arise in our growing 
knowledge of nature give occasion for new units, many of which are 
in use; for example, the “atmosphere,” “candle-power,” “horse- 
power,” “calorie,” ete. 

It was consequently a great advance when Gauss (1832) and Weber 
(1852) showed in the case of magnetic and electric units that this 
arbitrariness could be, if not quite done away with, at least much 
restricted. Their method was to use the laws of nature to define new 
units. ; 

Thus instead of comparing electric currents in any arbitrary way, 
and so restricting themselves to relate measurements, they made use 
of the electrodynamic action between currents to refer current strength 
to the fundamental units, and defined the unit current absolutely as 
such that two portions, each 1 cm. long, and at a great distance L 
apart on the same axis, exercise a force 1/L?. The unit of resistance 
thus follows immediately as that in which unit current produces in 
' unit time an amount of heat equivalent to the unit of work; and 
electromotive force is defined by means of Ohm’s law, so that the 
potential difference between the ends of a conductor of unit resistance 
is unity, when unit current flows through it.! 

: This method of referring new units to old, and comparing new 
quantities by reference to those previously known, is not free from 
arbitrariness ; in the foregoing case, the unit of current might equally 
well be defined by means of elements of a different shape or position ; 
or, as Gauss and Weber pointed out, electrostatic forces instead of 
electrodynamic might be made the basis of the system of measurement. 
|} Still the arbitrariness is much reduced by the principle of Gauss and 
Weber. But it is even more important that the absolute system does 
z Further details in F. Kohlrausch, Lettfaden der prakt. Physik, Anhang. 
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away with the numerical factor in the expression of many laws of 
nature, so that they assume an extremely simple form; thus this — 
system, like a good theorem, gives the physicist a quantity of detailed — 
knowledge of the art of measurement, and of the most varied 
character. 


The four fundamental units so far generally used, and mentioned above, 


are not necessary. Mass may be referred to length and time by means of \ 


Newton’s law of gravitation (Maxwell): The gas equation py= RT may by 
putting R=1 be used to define temperature in mechanical measure, as a 
quantity of energy. For various reasons such definitions are not convenient, 
at least at the present time, and it will be well to wait for the discovery of 
new laws of nature before reducing the number of fundamental units. The 
latter should of course be so chosen that they can be as accurately measured 
as possible ; this condition is satisfied by length, mass, time, and temperature 
to a high degree, but not by energy, which for that reason is not acceptable 
as a fundamental unit. 


The Indestructibility of Matter.—Numerous investigations 
have shown that neither by physical change of a substance, as, for 
example, by pressure, heating, magnetisation, etc., nor by chemical 
decomposition, does there occur a variation of its mass, as measured 
by the attraction of the earth (Lavoisier). Innumerable chemical 
analyses and syntheses speak for the correctness of this law; in spite 
of the mighty chemical processes occurring in the sun, its attraction of 
the planets remains unchanged—an extraordinarily sharp proof that 
in these processes the total mass of the sun itself remains unchanged. 


The question whether the weight of a product of reaction is equal to that 
of the reacting bodies has lately been tested by H. Landolt, with great 
accuracy. (Zevtsch. f. phys. Chem. [1893], 12. 1; Sctzwngsber. d. Preuss. Akad. 
d. Wissensch., 1908, p. 354). It appeared that in the 15 cases investigated 
the change of weight due to chemical reaction was at most a millionth part, 
probably much less, and in no case was greater than the probable error in 
weighing (0:03 ie) a 


The Transmutability of Matter.—The properties of a sub- 
stance vary with the external circumstances under which we study it; 
but, nevertheless, for a slight change of external conditions (especially 
of pressure and temperature) ,there corresponds only a slight change 
in the physical properties of a substance. On the other hand, if 
we bring together different substances, as, for example, sugar and 
water, or sulphur and iron, even when the same external conditions 
are maintained, there commonly occurs a deep-seated change in 
their properties, producing substances which on comparison with the 


original are very different in many respects. Thus it is possible 


for the same substance under the same external conditions to 
assume entirely different external properties: the substance is con- 
vertible into another. 


| 
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But according to our experiments hitherto, the convertibility of 
matter is limited to certain conditions. The law of the indestructi- 
bility of matter furnishes the first limitation, viz. that in any event 
this change in physical property concerns only identical masses of the 
substances [7.¢. that in the change there is neither gain nor loss 
of mass]. Further experience gained in this direction—the result 
of a vast amount of painstaking work of the chemical laboratory, from 
‘the attempts of the alchemists to change base metals into gold, to the 
wonderful syntheses performed by our organic chemists of the 
present—has brought the further knowledge that, in general, even 
identical masses of substances essentially different are not convertible 
into each other.’ 


Simple and Compound Matter.—Innumerable investigations, 
which have had for their object, on the one hand, to reduce compound 
matter into simpler by chemical analysis, and, on the other hand, to 


__ bring together different substances to make a new one by chemical 


synthesis, have led to the conviction that, in decomposing the substances 
occurring in nature, one always comes to a number of substances 
ineapable of further decomposition, the so-called elementary bodies or 
elements ; of these nearly eighty have been isolated. Every attempt 
at the further decomposition of these elementary bodies has thus far 
been fruitless;1 but from these elementary bodies can be made 
synthetically all the substances collectively known to us. Only those 
substances are convertible into each other which contain the same 
elements, and indeed each element in the same proportion. 


The Indestructibility of Energy. (The first law of thermo- 
dynamics).—Many fruitless attempts to find a perpetuum mobile—i.e, 
a machine which of itself is able to perform external work continuously, 
and to an unlimited degree,—have finally led to the conviction that 
such a thing is impossible, and that the fundamental notion of making 
such a machine is in opposition to some law of nature. This law of 


_ nature is stated in the following way :—If any selected system is 


i 


subjected to a reversible process, 1.¢. if any series of changes whatsoever 
oceur so that it finally returns to its original condition, then the 


external work A, performed by the system during the reversible 


process, is proportional to the amount of heat, W, ‘absorbed at the 
same time, 7.2. 
AsJW. ; : ; : (a) 


The coefficient J, the mechanical equivalent of heat, is independent of the 


nature of the system selected, and its numerical value varies only with the 


Mee The phenomena of radio-activity, which will be described later, point certainly 
_ to a spontaneous decomposition of certain elements which is outside the influence of the 
enter, 
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scale of measurement employed to express the amount of heat and 
external work. 

If any system whatever is subjected to any desired changes, these 
are, in general, identified with the following changes in energy: firstly, 
a certain amount of heat is either absorbed or given out; secondly, a 
certain amount of external work is either performed by the system or 
is performed against it; thirdly, the internal energy of the system will 
either diminish or increase. In general in any event the diminution 
of the internal energy U must be equal to the external work A accom- 
plished by the system, minus the amount of heat Q absorbed ; ze. the 
following relation exists— 


U=A-Q . |) te 


In this equation all the quantities must be expressed in terms of 
the same unit of energy, ¢g. heat must be put into work-units. 

Of course each of these three quantities may be negative; thus 
when a development of heat occurs Q is negative, when an increase of 
internal energy occurs U is negative, and when there occurs an 
introduction of external work A is negative. When the system 
considered consists of reactive substances, and the change is a chemical 
decomposition, then Q signifies the heat of reaction, U the change of 
the substances’ internal energy occasioned by the decomposition, and 
A is the external work performed by the reaction in overcoming the 
external pressure, and, as above, is positive when the reaction is 
accompanied by an increase of volume of the system, but negative 
when accompanied by a diminution of volume. When, as often 
happens, the external work is negligibly small, U is equal to the heat 
eVolved in the reaction. 

If we bring a system that has suffered any change back to its 
original state, the work done by the system is, according to equation 
(a), equal to the heat supplied. Hence by (0) U must be zero, or the 
system possesses the same content of energy as before the change ; 


the energy contained at any moment is therefore completely determined by 4 


the state of the system at that moment. 


U must therefore be a single valued function of the variables characterising 
the system; and dU be capable of being put in the form of a complete 
differential. If, for example, the only external work done is against an 
external pressure, the system is in general completely defined by the 
temperature 'T’ and volume v, and we may put 

GU a lv + opal 

As already stated, equation (b) is applicable to every occurrence ; 
for it is the direct analytical expression of the law of the conservation 
of energy. A change of the energy content of a system can occur in 
very many ways,—partly by a simple change of temperature, partly by 


1 
| 
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isothermic changes of condition, and partly by the two together. In 
the first case, the change of energy is measured by the product of the 
heat capacity of the system and the change of temperature ; in the 
second case, by a certain quantity of energy which can usually be 
determined easily and exactly (as the latent heat, heat of reaction, 
and the like, + the external work); the third case, finally, can always 
_ be referred to the first two cases, as the following consideration 
shows :— 
Let a system suffer any desired change, and at the same time let 
- its temperature change from T to T+t. Now, let us think of this 
| process as conducted in the two following ways: in the first way, the 
process is completed at constant temperature T, whereby the change of 
energy amounts to Uy, and then the system is warmed to T +t, 
whereby it needs the introduction of Kt calories, if K denotes the 
heat capacity of the system after it has suffered the change; in the 
| second way, the system is warmed at once from T to T +t, whereby 
|. 1t needs an introduction of K,t calories of heat, if K, denotes the 
initial heat capacity, and after this the process is finished which is 
| associated with a change of energy amounting to Uy, The heating 
_ takes place without any performance of external work ; for example, 
if the system be a gas, it is heated at constant volume. In both ways, 
we pass from the same initial to the same final condition; then, 
according to the law of the conservation of energy, the changes of 
energy in both cases must be equal: in the first case, the diminution 
of total energy amounts to Uy — Kt, in the second to Uy,4— Kot, and 
therefore we have the following equation— 


Un — Kt = Unit — Kyt, 
or 
Nee kk _ Unit - Ur, 

“ t 
The right-hand expression is the increase in the energy change per degree 
rise of temperature, and for small temperature differences may be written 
| dU . 
aT? this, according to the above law, is equal to the difference between the 
thermal capacities of the system before and after the change. If, for example, 
we consider the process of fusion, the proposition given above declares 
| that the heat of fusion of one gram of a solid substance increases as 
| much for every degree of temperature elevation as the specific heat 
_ €o, of the fused substance, is greater than that ¢ of the solid. 


__ If & homogeneous substance be heated through dT, at constant pressure, 
| the heat required is c,dT, where ¢, means the thermal capacity at constant 
pressure ; the process may, however, be conducted in this way: raise the 
temperature through dT at constant volume, with absorption of heat 
dT (c,=thermal capacity at constant volume), then allow it to expand 
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0U 
isothermally by the amount dy, for which the quantity — ay oy +pdv will be 


required, Put dy equal to the expansion that would be caused by rise of 
temperature dT at constant pressure, and we arrive in each case at the same 
final, from the same initial state, so that the quantities of heat absorbed must 
be the same— 


a 


0U 
e,dT = cd T + (» = =) 


dU\ ov 
Cy —- y= Pp — = aE 


The law of the conservation of energy, above all other laws, has 
introduced a new epoch of investigation of nature; it was clearly 
stated for the first time by Julius Robert Mayer (1842), but was first 
recognised in its full significance, and applied systematically to the 
most various phenomena, by Hermann von Helmholtz, in his paper 
‘On the Conservation of Force,” 1847. It received its first quantitative 
confirmation by the fundamental investigation of Joule (1850) on the 
conversion of work into heat, which in turn led to the determination 
of the mechanical equivalent of heat. 


or 


The share taken by these investigators in the common work is well 
characterised by Mach (Prinzipien der Wiirmetheorte, Leipzig, 1896, p. 268) : 
“ The need for the principle was strikingly brought out by Mayer, who pointed 
out its applicability to all subjects. To Helmholtz is due the complete 
critical working out in detail, and the connection to results already arrived 
at. Finally, Joule introduced the new method and conception, in the most 
exemplary manner, into the region of quantitative experiment.” a 


Measurement of Energy.—Since we shall have much to do — 
with energy, some special remarks on its measurement may be in 
place here. The absolute system gives as unit the work that is done 
in moving the point of application of unit force through 1 em. But — 
unit force, called the dyne, is that which in one second gives to one 
gram unit velocity (1 cm./sec. called “cel” from celeritas) ; it is, 


moreover, nearly the weight of a milligram (more exactly saan gm. 
in middle latitudes). The corresponding unit of work is called the 
“erg” (épyov), and is of course equal to the kinetic energy (Fx?) of 


two grams moving with a speed of 1 cel. 
This unit of work is often inconveniently small, and for a long — 

time past other units, suited to particular purposes, have been in use. - 

The “kilogram-metre” is used in technology, i.e. the work done in | 

lifting one kilogram through one metre, the unit of length being here 

taken as the metre, and that of force as the weight of a kilo. But as 
1 Ostwald’s Klassiker, No.1. Leipzig, 1889. Uber die Erhaltung der Kraft. 
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work can be done in increasing a volume against pressure, or causing 
electricity to flow against a difference of potential, units of work are 
suggested for such cases in the form of products of pressure by volume, 
and quantity of electricity by potential. If, as is customary in 
scientific calculations, the C.G.S. system is adhered to, the unit of 
work is of course always the same; but if, as we shall occasionally do 
for clearness, the conventional measures are used, the work unit will 
of course be different in different cases. 

The wit of heat is determined in principle by the law of conserva- 
tion of energy as being equivalent to the unit of work. But here 
also for practical reasons the reduction is often avoided, and a special 
heat unit, in closer connection with the methods of measurement, 
adopted ; as such we shall always use the gram calorie (cal.), ‘ie. 
the heat required to raise one gram of water through 1° on the air 
thermometer scale! But as the specific heat of water is appreciably 
variable, it is necessary to complete this definition by stating the 


- temperature of the water. Now, by far the most calorimetric measure- 


ments, especially in thermochemistry, are made by observing the rise 
of temperature produced in water at room temperature by the heat 


to be measured ; so that it is best for our purposes to choose as unit 


that quantity of heat which will raise one gram of water at 15° through 
I Cels. ; and between 15° and 20° the specific heat of water may for 
most purposes be regarded as constant. 

Besides the calorie given above, there are also the so-called “mean 


| calorie,” 7.€. 74 of the quantity of heat which is necessary to warm 


1 g. of water from 0° to 100°; the so-called “ zero-calorie,” i.e. the 
quantity of heat which is necessary to raise 1 g. of water from 0° to 
1°; and also a number of other calories which refer to temperatures 
arbitrarily or casually chosen. 

The change in the specific heat of water with the temperature 


| has recently been satisfactorily determined, and as we are frequently 
- compelled, in making use of calorimetric measurements by different 
_ investigators, to reduce their observations to the same unit, the 
_ latest values obtained for the specific heat of water are put together 
| in the following table. In the first column are the results of 


Rowland, who carried out at different temperatures the experiments 


‘of Joule on the conversion of friction into heat ; in the second column 
| the figures of Bartoli and Stracciati,? obtained by the method of 
| mixing ; in the third those of Liidin,*? by the same method; in the 
| fourth those of Callendar and Barnes,* by a continuous electric 


1 Por reduction of a Jena glass mercury thermometer to the air scale, see Wiebe, 


| Z. f. analyt. Chem. 30.1; Chem. Centraibl., 1891, 1. 249; Z. f. Instrumentenk. LO. 
¥ 233, 435 (1890). 2 Calore specifico dell’ aqua, Catania, 1892. 


3 Dissertation, Ziivich, 1895); see also a critical discussion by J. Pernet, Vierteljahrs- 


| sohrift der nat. Gles. Zivrich, 41, Jubelband II. 1896. 


4 Brit. Ass. Rep. Dover, 1899, p. 642; 7 f. Instrumentenk. 20. 276 (1900); 


Phil, Trans, 199. 149 (1902). 
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calorimeter ; in the fifth those of Dieterici,! obtained by the use of an 
ice calorimeter. 


I. eS Reeth II. IV. Lae 

Rowland ITY Aaccwrt , Barnes !Dieteric 
0° oe 1°0080 1°0051 1-0080 1:0088 
5° 1°0054 1°0046 1:0027 1°0050 1°0050 
10° 1°0019 10018 170010 170020 1:0021 
15° 1°0000 10000 10000 1°0000 1°0000 
20° 0°9979 0°9994 079994 0°9986 0:9987 
25° 0°9972 0°9997 | 0°9993 £0°9977 0°9983 
30° 0:9969 170000 0°9996 0°9972 0°9984 
35° 0°9981 we 10003 0:9971 0°9985 


The zero-calorie is 1°008 times the usual calorie; the value of 
the mean calorie is 1:005 according to Liidin, 1:0013 sae 
to Dieterici, and 0°9997 according to Behn. ‘ 

For the mechanical equivalent of the usual calorie at latitude 45°, 
Pernet (J.c.) reckons 42,555 gram centimetres from the experiments of 
Joule, 42,547 from Rorind, and 42,637 from Miculescu; E. H. 
Griffiths, on the one hand, Schuster and Gannon on the other, found 
by measurements of electrically developed heat practically the same 
value, 42,730; as the most probable value we shall adopt 42,720, 
following the example of Warburg,®? and Waidner and Mallory.* 
The meaning of this number is that if in latitude 45° a gram be 
allowed to fall through 42,720 centimetres the kinetic energy 
acquired converted into heat would suffice to raise the temperature of 
a gram of water at 15° by 1° on the air thermometer scale. 

In the absolute system of measurement the value of the ordinary 
calorie is 

42,720 x 980°6 = 41,890,000 ergs. 


(980°6 =acceleration of gravity in latitude 45°), or 41°89 million ergs. 
= 4:189 Joules. 

Sometimes the kilogram-calorie, which is 1000 times the gram- 
calorie, is used instead of the latter: its mechanical equivalent is 
427 metre kilograms. The two units are distinguished by the names 
“large” and “ cael calorie” respectively ; in the following the former 
will be denoted Cal., the latter cal. 4 

Very often, and in calculations which are of especial importance for — 
the chemist, the problem is given to express, in units of heat, the work — 
performed in overcoming the pressure on a definite volume. For — 
example, in a cylinder with a movable piston of a cross-section of ~ 
1 sq. dem., on which the atmosphere presses with a pressure of one 

1 Ann, d. Phys. [4], 16. 593 (1906). 2 Ann. d. Phys. [4], 16. 653 (1905). 


3 See Die Wérmecinheit. Leipzig, 1900 (Barth). 
4 Zeitschr, f. Instrumentenkunde, 1900, p. 59; Phys. Rev. 8. 198 (1899). 
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and finally replacing the velocity = 
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atmosphere, let the piston be raised 1 dem. so that the atmospheric 
pressure will be forced back from the space of a litre. This unit of 
work, after the analogy of the “ metre kilogram,” we appropriately call 
a “litre-atmosphere.” The pressure of an atmosphere on a sq. cm., as 
is known, is 10333 kg. = 76 x 13°596 gr., and on a sq. dem. 103°33 
kg.; the work performed in raising the piston is as great as though 


_103°33 kg. were raised 1 dem., or as though 1 g. were raised 1,033,300 


em. Therefore the work sought, in calorimetric units, is 


1,033,300 
42,720 


Equations of Motion of a Particle.—Some remarks on this 
point will be inserted here, partly to elucidate further the law of 
conservation of energy, partly because we shall later have to do 
repeatedly with the movement of particles. If a particle of mass m, 
under the influence of a force X, move in a direction which may be 


1 Litre-atmosphere = = 24:19 g.-cal. 


|. defined as that of the axis of x in a system of co-ordinates, and if t 


is the time, then by the fundamental laws of dynamics 
Mm a5= xX . . . . (1) 
(or mass x acceleration = effective force). Multiplying (1) by the 
identity 
dx 
"7 aT Ne dx, 
and remembering that 
ede, | a(e) | 
mae a4 3a) } 


et by the symbol v, we have 


| a(Bv)=Xdx Vp ear \ieto), 


or in words: the increase in kinetic energy of the particle during any 


element of time is equal to the work performed by the force. 


If the particle is travelling in the direction s which at the moment 


| considered makes with the axes of a rectangular co-ordinate system the 


angles a, 2, % then 


dx dz 
cos a=a, cos B= cos y=. 
If forces X, Y, Z act along the axes, the force T exerted on the point is 
X cos a+ Y cos B +Z cos y, 
and equation (1) becomes in this case 
5 a’ dx yy dz 


mae X> + YR T4255 
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or, by a similar transformation to that previously used, 
m 

a( om) = Xdx + Ydy + Zdz, 
in which the velocity 
ds 
Y areas 

If we have a system of any number of particles acted on by no external 
forces, the work done depends only on the forces between the particles ; and 
if the right-hand expression is a complete differential, its integral is called the 
potential, and in this case the work is done exclusively at the cost of the 
potential energy. Then the increase of kinetic energy is equal to the 
decrease of potential energy, or the total energy of the system is constant 
(law of conservation of energy in mechanical systems). 


If the particle suffers friction in its course, equation (1) requires a 
limitation. The friction is to be regarded as a force acting in the 
direction opposite to that of the motion of the particle at the moment, 
and in many cases is proportional to the velocity v. Hence there acts 


on the particle the force X — kv, where k is the opposing force for unit — 


velocity. Then (1) becomes 
pe Sy : , ‘ (3) 
and (2) becomes 


a(Bs®) = (X — kv)ax . > ies 


When X is constant, v must obviously increase if X>ky, and 
decrease in the contrary case, so that in both cases X — kv approaches 
zero, and v approaches the limit 


Voy: ; : ; : (5) 


After a certain (often immeasurably short) time the velocity rs equal to 


the force divided by the frictional resistance ; consequently in the case of 
movement under sufficiently great friction it is not, as in pure 
dynamics, the acceleration, but the velocity that is proportional to — 


the applied force. 
Writing (4) in the form 


a(Sv2) eye ode 


we see that the work spent by the (internal or external) forces, Xdx, 
goes partly to produce kinetic energy, partly to do work against 


friction. The larger the latter portion is compared to the former, the _ 


more nearly true is the very simple equation (5). 
Writing (5) in the form 
ky) =X, 


! 


i 


: 


i 
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multiplying by dx and integrating from-0 to x and 0 to t we get 


| ky,dx = | ky,*dt = / Xdx, 
or 
kv,*t = Xx : c ; : (6) 
But Xx is the work done on the particle in time t; this frictional heat is 
equal to the product of resistance (k), velocity squared, and time. The 
resemblance of (5) to Ohm’s law and (6) to that of Joule is obvious. 
To caleulate the time after which (5) may be regarded as true, we will 
write (3) in the form 
dy dt 
X-kv m 
and integrate 


1 t 
ts log (X — ky) = mt Const. 
But for t=o 


ae log X = const. 
s6 


v=3(1-6 *) : ‘ 5 ; (7) 


The expression in brackets increases rapidly with time towards the 
| limit 1, %e (7) passes over into (5); and the more rapidly the larger the 
| friction k and the smaller the mass m. 


whence 


The Convertibility of Energy. (The second law of the 
mechanical theory of heat).—While the law of the conservation of 
energy furnishes us with the quantitative relations which must 
| necessarily be satisfied in changing into each other the various forms 
of energy, as external work, heat, internal energy, etc., the so-called 
“second law of the mechanical theory of heat” teaches us the 
limitations of the convertibility of the different forms of energy. It 
may be expressed qualitatively in the following way: Hzternal work 
and kinetic energy of moving bodies may be transformed into one another 
completely and in many ways, and can also be converted into heat (most 
simply by employing the external work to set heavy masses in motion, 
which is then destroyed by friction—as by applying brakes to a 
| railway train—with production of heat); but conversely, the reverse 
| change of heat into work is only possible wnder certain conditions. (Principle 
of Carnot and Clausius.) The train of thought which has led to a 
| clearing up of the question how far the different forms of energy are 
_interconvertible, and to the supposition that a law of nature deter- 
~ mines the limits, is essentially as follows :—As fruitless as have been 
_ the endeavours of innumerable inventors to construct a machine 
| which should be able to do work continually without ever needing an 

| expenditure of force to keep the machine in motion, so brilliant is the 
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knowledge which explains this miscarriage by a law of nature. On 
the ground which was richly fertilised by the ruined fancies of 
unlucky inventors, grew up like a tree of knowledge the law of the 
indestructibility of energy, the golden fruit of which was plucked by 
Mayer and Helmholtz. Yet, in the judgment of some inventors who wre 
completely permeated with the accuracy of this law, it is by no means 
regarded as impossible to construct a machine which should be able to furnish 
work as desired and free of cost. According to this law, external work 
and heat are equivalent to each other—both are manifested forms of 
energy. But energy in the form of heat is in abundance, so that all 
we need is a contrivance to use up the energy of the surroundings by 
employing it in the form of external work to drive our engines. 
Such an apparatus, for example, might be sunk in a great water 
reservoir, whose enormous energy-content could be changed into 
useful work ; it would, for example, make the /steam-engines of our 
ocean steamers unnecessary, and would keep the screw of a ship in 
motion as long as desired, and at the cost of the immeasurable store 
of heat in the sea. Such an apparatus would be in certain respects a 
perpetuum mobile, and yet not contradict the first law of thermo- 
dynamics, since, acting according to this law, it would extract the 
heat of its environment and give it back again as external work, 
which, after its expenditure, according to rule (in the above case, as a 
result of the friction of the ship and screw) would be again changed 
back into heat, to enter on the cycle anew. 

Unfortunately such an apparatus, which would make coal worth- 
less as a source of energy, appears to be a chimera, exactly as was the 
perpetuum mobile of the inventor of the eighteenth century ; at least many 
fruitless attempts have made this more than probable. Thus, as we 
sum up the numerous abortive endeavours, we come, in a way exactly 
analogous to that which led to the knowledge of the first law of 
thermodynamics, to the proposition that an apparatus which could con- 
tinually change the heat of its environment into external work is im contra- 
diction to a law of nature, and therefore an impossibility. Although, by 
recognising this law, the human spirit of invention may be poorer by 
one problem, yet natural investigation is compensated for it by a 
principle of almost unlimited application. 

This result—in itself of an entirely negative character—can, with 
the help of other considerations and some empirical facts, be employed 
in working out the quantitative relations which restrict the converti- 
bility of energy, and which we understand under the name of the 
Second Law of Thermodynanucs. 

The fundamental considerations which led to this law were stated 
with great clearness by Carnot! as far back as 1824, before the law 
of conservation of energy was precisely understood ; but to bring the 


1 Réflexions sur la puissance motrice du feu. Paris, 1824. German translation, 
Ostwald’s Klassiker, No. 37. Leipzig, 1892. 
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second law into the form of a universally applicable and fruitful law 
of nature, and to give it exact mathematical expression, was the 
undying work of Clausius (1850).1_ In the following a brief deduction 
of the fundamental formule will be given. 

The earliest applications were technical, but to bring the result of 
experience into the form of a universal physical principle we may 
say :— 

I. Every process which takes place in a given system by itself, i.e. without 
application of energy in any form, can, when properly used, yield a finite 
amount of work. 

By process is meant a change in the system by which it passes 
from an initial state to a different final state. If application of 
energy from without is not excluded, a system can naturally yield an 
indefinite amount of work, ¢.g. an electromotor supplied with sufficient 
current may be regarded, at least in principle, as an inexhaustible 
source of work. 

We may ask now what is the best use, z.c. how the process may 
| be made to give the maximum amount of work. For this it is 

obviously necessary that the apparatus used to gain the work must be 
technically efficient, so that loss of external work due to secondary 
defects (friction and similar causes, leakage of a piston in a cylinder 
during expansion or compression of gases, faults of insulation in 
electrical circuits, loss of heat in thermal machines, etc.) is avoided ; 
secondly, the change must be so conducted that force and resistance 
are almost equal at every stage of the process. If the resistance is 
made smaller, the process will go in one sense; if greater, in the 
opposite ; and as all losses are avoided, as much work is gained in the 

one case as is absorbed in reversing it. In such cases the process is 
called reversible ; we shall find cases in which this ideal limiting state 
can, at least in principle, be approached. We shall assume that this 
is, in general, possible, and postulate that— 

Il. A process yields the maximum amount of work when it is conducted 
reversibly. 

We may easily see that I. and II. are identical with the law that 
no arrangement is possible by which work shall be continuously per- 
formed at the expense of the surrounding heat. According to L., since 

| 4 process can yield only a finite amount of work, such an arrangement 
_ must be a periodically acting machine, which, after a certain time, 

réturns to its initial state ; according to II., such a machine at the 

best (ideally perfect construction), after a complete period, has absorbed 

no external work, but has also yielded none, because, working rever- 

_ sibly in order to avoid losses, the work given out during the outward 
_ process must be equal to that taken in in the return. 


} _ ae > 
1 “Ther die bewegende Kraft der Wirme ” (Pogg. Ann. 79. 369 and 500) ; Ostwald’s 

| Klassiker, No. 99. Leipzig, 1898. The separate papers from 1850 on were collected. 

{by Clausius in his book, Mechanische Wirmetheorie. Braunschweig, 1876. 
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Examples of self-acting processes in the sense of I. are: the falling 
of a stone to earth, mixing of two liquids or gases, solution and 
diffusion of solids in a solvent, and all the numberless chemical 
reactions that take place of their own accord. The problem of calcul- 
ating for each case the maximum work obtainable, 7.¢. when the process 
is conducted reversibly according to II., is of the highest importance, 
and its solution, in particular instances, has led to most fruitful 
discoveries. 

When bodies at different temperatures are put in contact, a transfer 
of heat from higher to lower temperature occurs. This process, as is 
well known, takes place of itself, for no work need be done to make 
it go; from I. it follows that it is possible to gain external work by 
means of this interchange of heat, and, on the other hand, that work 
is required to reverse it, 7.¢. to transfer. heat from the cold to the hot 
body. 

Clausius stated the last result as a separate principle, ‘that heat 
cannot of itself, z.e. without compensation by means of external energy, 
pass from a colder to a hotter body.” But this principle is obviously 
only a case of a much more general law. 


We shall now, in order to elucidate these general discussions, — 


apply them to two specially important cases: firstly, to zsothermal 
processes ; secondly, to processes consisting essentially in transfer of heat 
(equalisation of temperature differences). 


1. Isothermal Process.—Suppose the system undergoing a 
change to be throughout at the same temperature, and to be immersed 
in an indefinitely large bath at the same temperature ; further, that 
all processes are conducted so slowly that any heat evolved is given 
up to the bath, and any required is absorbed from it, without 
appreciable temperature differences being set up. The system is then 
clearly not isolated, for it is in thermal connection with the bath ; but 
if we treat the system and the bath together as a new isolated system, 
then the preceding considerations are directly applicable.t Also let it 
be possible to conduct the processes in question reversibly. 

The last condition is essential. Moreover, the problem of con- 
ducting a process isothermally and reversibly has not by any means 
been solved in all cases in which it appears possible. The expansion 
of a gas or evaporation of a liquid can be performed in this manner 
easily by means of a cylinder and piston. Certain voltaic cells, such 
as the Daniell, can be used isothermally and reversibly by combining 
them with a well-constructed, i.e. efficient, electromotor; if the cell 
works it causes the motor to rotate and so does external work ; if the 
motor be reversed by application of the same amount of work from 


1 Strictly, the system+heat bath must fall in temperature in proportion to the 
external work done, according to the First law ; but if the capacity of the bath is great 
enough, the fall of temperature i is negligibly small, 


j 
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without, it causes a current to flow through the cell in the opposite 
sense, which reverses the chemical process that produced the original 
current. But in other cases such arrangements are not known ; thus, 
it is not yet possible to conduct isothermally and reversibly the com- 
bustion of many organic compounds, or the radiation of a phos- 
phorescent body. 

Let A be the external work that a process in a given system is 
capable of doing, by means of an arrangement working isothermally 
and reversibly. Imagine now another arrangement, which, under the 
same conditions, but by a different mechanism, performs an amount 
of work A’ while the same system passes through the same change; and to 
fix the ideas let A>A’. Then, by combining the two, we can con- 
struct an arrangement of this kind ; by the first machine, we allow the 
process to take place with production of external work A; by the 
second, we reverse it, with expenditure of work A’. The system has 
then passed through an isothermal and reversible cyclic process, 
leaving it in its initial state; this may be repeated any number of 
times, and each time a net amount of work 


A-<A’ 


is performed. This would be a machine capable of yielding an indefinite 
amount of work at the expense of the heat bath, i.e. a machine whose 
existence we have already denied. We conclude, therefore, that A’ 
cannot be different from A or 

NSU ais SPU og ily SIR NAO) 


In words, this equation, of which we shall make repeated use, 
states that— 

Ill. The external work that can be done by agiven process when most 
efficiently used is independent of the arrangement by which this “maaimal 
external work” is obtained ; or, more briefly, the work done wm an rsothermal, 
reversible, cyclic process 1s zero. 

During such a cyclic process, certain quantities of heat are, in 
general, given to, and taken from, the heat bath ; according to the 
law of conservation of energy the sum of these must be zero. 


2. Transfer of Heat.—The calculation of the work that can be 
done by the passage-of heat from higher to lower temperature is of 
great importance ; we can easily solve the problem for a simple case— 
a cyclic process performed with a perfect gas—since here the quantities 
of energy involved are known from the laws of gases. 

Let there be two reservoirs, at different temperatures, say in the 
_ form of large masses of water, which we can draw on for supplies of 
heat. For simplicity of calculation we will suppose the two tempera- 
tures to differ only infinitesimally, and that they are (on the absolute 
seale) T and T+dT,. We have then to think out a mechanism by 


b 
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which heat may be withdrawn reversibly, and so with the greatest 
useful effect, from the second reservoir (at T+dT), and given to the 
first at T. 

For this purpose we take a cylinder, closed by a movable piston 
and containing a certain quantity of an ideal gas—say one gram- 
molecule (32 g. of oxygen or 28 g. of nitrogen, etc.). The apparatus 
is put in contact with reservoir I., i.e. immersed in the large vessel of 
water at T, and the gas, originally occupying a volume v,, compressed 
to v,. Work is thus spent to the amount 


A=RT In4, 


where RK is the gas constant, 


(pp and v, the pressure and volume at the temperature of melting ice). 
The heat Q required for this, measured in the same unit as A, is 


Q=RT In, 
Vo 


given to the first reservoir. Now the cylinder is brought in contact 
with reservoir II. so that it is warmed to T+dT; the heat thus 
absorbed is KdT, where K is the thermal capacity of the cylinder and 
its contents. During the heating the volume v, is to be kept constant, 
so that no external work is done. Now, on allowing the gas to 
expand from v, to v,, we gain the external work 


A+dA=R(T+ dT) In ee 
2 
and withdraw from reservoir II. the equivalent quantity of heat 


Q+dQ=R(T+ dT) In = 
2 
Finally, we put the apparatus in contact with the colder bath, and 
keeping its volume constant at v,, allow it to give up the quantity 
KadT of heat, and so fall to T. It is then in the initial state again. 
The sum of the work done by the gas in the cycle is 


dA = RAT In“, 
I Vo 
_and at the same time the quantity of heat 


Q+KdT 


is carried from reservoir II. to 1, and has consequently fallen in ; 
temperature from T+ dT to T, whilst the quantity of heat dQ=dAis  , 


‘ 


er 
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converted into useful work. KdT is an infinitesimal quantity that 
may be neglected by comparison with Q. 

If the thermal capacity of the cylinder and its contents were zero, 
instead of Q+ KdT only Q of heat would have been transferred from 
T+ dT to T, and this arrangement would increase the useful effect, it 
is true, but only by an infinitesimal percentage. Hence we may say, 
without appreciable error, that the quantity Q of heat has fallen from 
T + dT to T during the cyclic process ; comparing this with the work 
done we find 


dT 
dA = Qa : ‘ : é (d) 
i.e. of the quantity Q of heat transferred from reservoir II. to I., the part 


dT. 
Qa as turned into external work. 


“We can now easily show that this result, though donved from a 
special case, is perfectly general. Assume that some other reversible 
cyclic process exists, by which the quantity Q’ of heat falling from 
T+dT to T accomplishes dA’ of work. Then we may combine this 
with the former process, choosing the quantity of gas so that in it also 
Q’ of heat suffers the temperature change. Now let the two systems 
each pass through a cycle, in opposite senses, so that the temperature 
of the quantity Q’ of heat falls in the one by dT but rises in the other 
by the same amount, and the thermal transport is thus neutralised ; 
then there can be no external work done, otherwise we should have 
constructed a machine capable of converting heat into work indefinitely, 
i.e. we must have 


Hence— 
IV. Jf a process consists merely in transfer of heat, and a quantity Q 
be carried from one body at temperature T+daT to another at T, the work 


q that can be acconyplished is oe in whatever way this work is obtained, pro- 


vided it is a reversible way. 

| ‘here are few laws so fruitful as that contained in (d) or (d’), 
| which represents the quantitative expression of the convertibility of 
heat into work, and in particular, has been applied with great success 


to chemical processes. 

ane It will be worth while’to remark further on the meaning of the quantity 
uM dA (or dA’). It must not be supposed that in the equation 

ae ian ee ar dA _Q 
an See Tees an | 


ra aA j is 4 tins work done in raising the temperature of the system by dT. This 
is not the oe; for we have particularly carried out the cyclic process in 
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such a way that no work is associated with the rise of temperature. Rather 
dA is the excess of work spent in reversmg at T+dT the same process that 


has been performed at T, so that | is the temperature coefficient of the 


availability of the process for work. We should obtain a wrong value for 

dA if a gain or loss of work were 

associated with the warming or 
p cooling of the system, and so a 
change in its availability for 
work took place, of a secondary 
character with regard to the 
present argument. 

Clapeyron’s graphical method 
is very instructive in this mat- 
ter. The work done in an ex- 

Vo 


pansion / pdv is expressed in 


¥ 
Ds % the figure by the area between 
the curve p=f(v), the two ordi- 
nates, and the axis of abscisse. 
When the temperature is raised this curve is changed to 


a) aq 
rg 


and we thus obtain a neighbouring line (dotted in the figure). Then 
clearly the shaded portion expresses dA. If in any case other than ex- 
Wo 


pansion the work is given by [Raw, then & must be used as ordinate, 1) as 


Fig. 1. 


p=f(v)+ 


1} 
abscissa. 

All results so far known in thermodynamics can be deduced by means 
of cyclic processes; the laws to be stated in the four following sections 
contain nothing essentially new, they are merely another way of expressing 
the relations already dealt with in this section. This must be expressly 
stated, as many authors take results which have already been firmly 
established by cyclic processes, and re-establish them by application of the 
entropy principle, or use of thermodynamic potential, free energy, and so on, 
and then not only talk learnedly of a “stricter foundation,” but also seem 
to find favour thereby in the eyes of others. From a pedagogic point of 
view a certain value may be attached to such “stricter proofs,” but usually 
the only thing that is proved is thatthe author has studied the work of his 
predecessors with intelligence. There is no independent scientific value to 
be attributed to such discussions. hie r 

Which method is to be preferred—the explicit discussion of a cyclic 
process, or its abstraction in the theory of functions—is a pure matter of 
taste ; it should be remarked, however, that while the prophets ea eventu of 
thermodynamics, with one accord, prefer the thermodynamic functions, investi- 
gators who happened to prefer the careful working out of new results to 
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the mathematical polishing up of old ones have all used the original method 
of Carnotand Clausius, obviously because the consideration of an (at any rate 


in principle) experimentally realisable cyclic process offers more protection 
against error. 


Still, any one who wishes to go deeper into the problems of the theory 
of heat may be recommended to a careful study of thermodynamic functions, 
especially in the admirably clear exposition of M. Planck (Thermodynamik, 
Leipzig, 1897). 


Summary of the Two Laws.—The results arrived at in the 
foregoing section may be summarised as follows :— 

1. Every natural process can, by the most advantageous use, 
yield a definite amount of work, and by the expenditure of the same 
amount of work, it is theoretically possible to reverse the process ; 
here by “ process” we mean any change of a system that can occur 
without application of work from without. 

2. If the process takes place isothermally, the maximal work A 
depends only on the initial and final states, and not on the path 
between. 

3. If the process consists in an equalisation of temperature by which 
a quantity of heat Q falls from the absolute temperature T + dT to T, 
it is capable, whatever the nature of the system, of the work 


as amaximum. (A and Q in the same units.) 
Now, the first law gives the relation (p. 8) 


U=A-Q 


Eliminating Q from the two last equations, we have 
dT 
dA =(A - U) : 


dA 
or A-U=T cee ; : : (e) 

Here A is the maximum work of an isothermal process (compare 
equation (c), p. 19) at temperature T, U the simultaneous decrease in 
the energy of the system A —U (called Q in the foregoing) ; or the 
heat withdrawn from the surroundings during the process, to which 
the old term “latent heat” may conveniently be given. 

Hence, according to (¢); the eacess of the macimal work of an isothermal 
process over the decrease in total energy, or the latent heat of the process, 1s 
equal to the absolute temperature multiplied by the temperature coefficient of 
the maximal work (the capacity for work). 


1 Hnglish translation by Ogg (London, 1903).—Tr. 
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This is the most intelligible statement of the second law, because 
it contains only quantities with a direct physical meaning; for the 
change in total energy is always simply measurable by allowing the 
process to take place, without production of work, in a calorimeter. 


The maximal work is more difficult to measure, because for that the 


process must be conducted reversibly ; but in many cases this quantity 
also can “be directly recorded (e.g. by a Watt indicator, or a Siemens 
electrodynamometer), so that there can scarcely be any great difficulty 
in making its meaning clear in new instances. The above form of 
the law is especially to be preferred in application to chemical and 
electrochemical reactions. 

Remembering, further, that the juxtaposition of A and U implies 
that both | these quantities are independent of the path, and therefore 
completely defined by the initial and final states, and further, that 
A—U is the latent heat of the system, equation (¢) may be regarded 
as including both fundamental laws. 


When the work done by the process consists merely in overcoming a 

pressure during an expansion of the system, we can put A in the form 

Vo 

ae | pdv, 

v1 
where v,, Vv, are the initial and final volumes respectively. Frequently the 
pressure eaedue constant during this change (evaporation, fusion, dissociation 
of a solid, etc.) and then 

A=(v,—¥v,)p; dA=(v,—v,)dp, 

and 


A-U=Q= (WTR, 


where Q is the heat absorbed during the expansion from v, to vj. 

When p varies during the expansion (evaporation of a mixture, expansion 
of a gas or liquid, etc.), we may regard it as constant during an infinitesimal 
expansion v, — v, =dv, and obtain from the last equation 


dp ay 


dQ = 1—= 
ee ar 


Here it isto be noted that dp is the increase of pressure at constant volume, 


but dQ means the heat absorbed when at constant temperature the volume 
of the system increases by dv (and external work is done), This is indicated 
=1(3t) ‘or ee oP 


by the symbols 
iE ee ES, 


Analytical Formulation of the Maximal Work.—The 


greatest difficulty in applying the fundamental equation (¢) lies in 


1 U is so by the First law (p. 8). 
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obtaining an analytical expression for the maximal work ; for there 
are few cases in which A and qp C0 be measured by direct experi- 
ment, and otherwise the quantities must be determined by values 
characteristic of the initial and final states, and these values differenti- 
ated with respect to temperature, under the condition that dyring the 
temperature change no external work is done. 

The following considerations are important for the choice of 
variables to express the initial and final states of a system. As a 
matter of fact, in most cases the number of these variables reduces to 
one. The quantity A of work can in general be decomposed into two 
factors, such as force x distance, pressure x volume, thermodynamic 
potential x mass, electric potential x quantity of electricity, and so on, 
of which the first is in general a temperature function, but the second 
| can be made independent of temperature ; the latter should therefore, 
with the temperature, be chosen as independent variable for express- 
ing A. 

This remark needs elucidation. Let A, be the expression characterising 
the initial state, F the final; then 


ie 7: 9, OO tae a coate eta 


Let A, and F differ only infinitesimally, so that A becomes the 
differential dA. If we can find a variable to the changes of which dA is 
proportional, we may put 

dA =Rdw (T const.) . ‘ : ; (2) 
in which the factor ® is equal to the (partial) differential coefficient of A 


with respect to ty, and A itself, when & is known as a function of tp, can be 
arrived at by an integration from the initial to the final state 


W] 
A=| Raw. 
Dy 
The simplest case is when a force X acts at a point; if the point of 
application moves through the element dx 
dA = Xdx, 
4.e. for small displacements the changes of A and x are proportional. Now 
the analysis (2) appears to be always possible, so that by analogy we may 


call the force and div an element of path. 
If, then, the system has several ways of doing work, 


dA=R, dw, + R,diw,+ ... (T const.) a(S) 


and Ry RK, are the partial differential coefficients of A with respect to 1,, 
| % ,, etc. Thus the differential of A with respect to volume is pressure, 
with respect to quantity|of electricity is electromotive force, etc. So that, 


in general, amp is the force with which the system suffers a certain change ; 


7 
if 
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but as we shall be concerned almost exclusively with changes involving great 
friction, by analogy with (5) (p. 14), the velocity of the corresponding change _ 
is equal to the quotient of force by friction. As the latter depends 
essentially on the particular system, thermodynamics gives no information 
with respect to it. 

dA : : 
aT’ the temperature coefficient of the maximal work, 
is now easy. After the value of 

A=F-A, 


The evaluation of 


is arrived at by integration, we have to differentiate A partially with respect 
to T; and since according to equation (3), when 1p is constant no work is 
done, the condition (p. 22) that no work should accompany rise of 
temperature is necessarily satisfied. 

Again, supposing F and A, to differ only infinitesimally, the maximal 
work i: 


K,dw, + Kydw,+ . 


where the quantities di represent small, but definite changes. Applying 
the fundamental equation (e) to the process so defined, we have 


oR, oR, 
qp ti + apd, + - - ) 


Q,dw, + Ryd, +... -av = 


or 


x(st- 1 Jaw = au, 


in which, therefore, dU is the change of total energy due to the displace- 
ments djy. The equation on p. 24 is a particular case of this (RQ =p, w =v). 

There is a relation between the values of that we will develop in the 
case of two kinds of external work ; let 


dA=R,diw, + Kd, (T const.) 


Since dA in this equation is a complete differential (independent of the 
“path ”) we must have 


CA A 
cw, cw, Cty, erp,’ 
. oR, oR, 
1.6. wees Ne 
om, = Cw) 


a relation which in its applications coincides with equation (c) of p. 19. The 
generalisation for more than two variables is obvious, but has so far hardly 
found any application. 

Finally, it may be remarked that the assumption of reversibility is 
implicitly made in all equations (such as (3)) which express the external 
work by means of variables, and do not contain the time. 


Free Energy.—The quantity A expresses that part of the energy ~ 
change involved in any process that can be turned without limitation — 
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into external work, kinetic energy, 
therefore in every respect free. Helmholtz! gave to this the name 
“change of free energy,” and to A—U, i.e. the difference between the 
changes of free and total energy, the name “ change of bound energy.” 

Only the changes of free or total energy have physical meaning. 
The absolute value of these quantities is unknown, and without interest 
for us, since probably it does not influence the course of surrounding 
phenomena. In the same way, we speak only of relative movements 
of the bodies surrounding us, since their absolute velocities are unknown 
and, so far as we know, indifferent. Thus, writing 11 for the absolute 
value of the total energy, and A for the free energy, we measure 
(calorimetrically) 


Usa, 11, 
and (e.g. by a Watt’s indicator) 
=A, — 4, 


but the actual values of 1 and A escape us. We may, however, 
count U and A from a fixed initial condition, and speak of them as 
the “total” and “free” energy ; then (¢) would be expressed in words 
as: the difference between the free and total energy (also described as the 
bound energy) is equal to the absolute temperature multiplied by the 
temperature coefficient of the free energy. 

According to the first law the total energy remains constant in 
a system isolated from communication of energy ; according to the 
second law the same would be true of the free energy in a system 
at constant temperature in which all the processes were reversible. 
In reality it always decreases, for this ideal limiting case can never 
be strictly realised, but friction and similar processes constantly con- 
vert free into bound energy. 


Clausius introduced a function which is useful for many purposes, viz. 
the entropy— 
- U-w 


ae. the difference between free and total energy divided by the absolute 
temperature. This is especially useful in dealing with adiabatic processes 
(ue. when no heat is taken in or given out). Clausius showed that this 
function is increased by all irreversible processes that occur in an isolated 
system, so that the second law may be put in the form of the principle of the 
merease of entropy. This conception is not, however, more general than that 
of the decrease of free energy ; the former principle is directly applicable 


i only to systems of constant energy content, the latter only to systems at 
constant temperature ; but as from each we may deduce the impossibility 


cee J) ee 


1 Sitzber. d. Berl. Akad., 2nd Feb. 1882; Ges. Abh, 2. 958. See also Massieu, 
Journ. de phys. 6, 216 (1877), and W. Gibb’s Trans. Connecticut Acad. 3, 1875-78, 
German translation by Ostwald, Leipzig, 1892. 
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of the engine described on p. 16, each of these special principles may be 
separately” regarded as the most Gomiplete expression of the second law. 
The oGnibination of 


ets and Y-—W= ise 
gives 
ay 
S= a raase 


z.e, the entropy is the negative temperature coefficient of the free energy. 
We shall henceforth always work with the intelligible notion of the maximal 
work (free energy), and not with its negative temperature coefficient (entropy) ; 
moreover, as Helmholtz pointed out, it is preferable to use the integral 
function (free energy) rather than its differential (entropy), because 11 can be 
determined from equation (e), and © can easily be expressed in terms of YI 
by the preceding equation. 


Conditions of Thermodynamic Equilibrium.—Finally, it may 
be remarked, the fundamental equations yield an easy test whether a 
system is in equilibrium or not. It was noticed above that for a 
reversible process force and resistance must be equal; if one slightly 
exceeds the other, a change takes place in one or the other sense. 
Hence follows that— 

A system is in equilibrium at every phase of a reversible process ; and for 
a system to be in equilibrium it is sufficient that the conditions should be so 
chosen that only reversible processes are possible.+ 

Thus, a mixture of chemically indifferent gases in a closed vessel 
is in equilibrium if the temperature and composition are the same 
throughout, for otherwise the irreversible processes of diffusion and 
thermal conduction will occur. Further, there is the condition that 
the containing vessel shall not burst under the pressure of the gas, for 
that would introduce a new irreversible process, and so on. 

Since no system is in equilibrium in which there are temperature 
differences, we may confine ourselves ‘to considering isothermal 
systems ; and as further on bringing a system at uniform temperature 
into a sufficiently large bath at the same temperature, no existing 
equilibrium is destroyed nor any new equilibrium created it is sufficient 
to consider isothermal processes. But as by p. 27, if all changes are 
accompanied by an increase of A, irreversible processes are excluded, 
we find that— 


A system at constant temperature is in equilibrium when its free energy 


is @ minimum. 


The analytical condition is ; 
—bt=o (T const.) : ; ; (1) 


1 Conversion of potential into kinetic energy is an irreversible process in all systems 
in nature, since friction is never entirely absent. 
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Since the entropy is increased by all irreversible processes in an isolated 
system (p, 27), we find the corresponding condition that in a system of 
constant energy all changes involve an increase of the entropy ©, or that © 
is a maximum 


6G =0 (U const.) . : : ; (2) 


_ The two equations of equilibrium (1) and (2) are, however, identical, for 
whether the equilibrium of a system is disturbed by change of temperature, 
or by introduction of heat, comes to the same thing. 


Physical Mixtures and Chemical Compounds.—Closely con- 
nected with the empirical laws given above, which form at once the 
basis of physics as well as of chemistry, there is another law which 
leads us at once more into the region of chemistry. Many different 
elements can unite in many ways so as to form new homogencous sub- 
stances, 7.¢. such as are everywhere alike, and when examined with 
the most powerful microscope, present the same properties at all 
points. Experience teaches us that in all cases the properties of com- 
pound substances vary more or less with the composition, but that in 
no case does composition alone determine the properties. Thus 
“knall-gas,” water vapour, liquid water, and ice, are all substances 
having the same composition, but having very different properties 
even when compared under the same external conditions of temperature 
and pressure. 

The thorough study of the relations of compound substances, 
and their dependence upon the composition, has led to their divi- 
sion into two classes. By the mixture of two gaseous elements, as 
of hydrogen and iodine vapour, for example, we can obtain, according 
to the conditions, two very different gaseous mixtures, each of which 
appears homogeneous in all physical and chemical respects, but which 
yet offer marked chemical differences. In one mixture we can easily 
recognise the properties of each particular element: the iodine vapour 
by its colour, and the hydrogen by its enormous diffusibility through 
porous partitions. In the other mixture many properties of both 
components are totally changed; the colour of the iodine vapour has 
vanished, and we seek in vain for the characteristic diffusibility of 
hydrogen. Further, the two mixtures behave characteristically on con- 
densation to the liquid or solid form: from the first, by cooling or by 
suitable compression, there is at once separated from the gas mixture 
solid iodine, a substance of entirely different composition from the gas 
remaining uncondensed ; from the second mixture, by similar treat- 
ment, we obtain a homogeneous liquid of the same composition as the 
uncondensed gas. 

We call the first of these gaseous aggregates, a physical mixture ; 


_ the second, a chemical compound of hydrogen and iodine (hydriodie 
acid); and we are forced to conclude that the union of the two gases 


is much more intimate in the second case than in the first. 


» 
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We make the same distinction in the union of different compound 
substances with each other, or with elements ; here we often meet with 
homogeneous aggregates which can be liquefied, evaporated, solidified, 
recrystallised, etc., without change of composition, and whose pro- 
perties are in many respects totally different from those of their — 
respective components ; these, beyond all doubt, can be designated — 
chemical compounds. Other aggregates of this kind change their 
composition very easily by condensation, volatilisation, etc., their 
particular components can be reobtained in many ways without 
difficulty, and in the mass we can recognise many properties possessed 
by the components when separated. These complexes, with all 
certainty, are affirmed to be only physical mixtures. 

Further, as a rule, the formation of chemical compounds is 
attended with much more considerable changes of volume and energy, 
than simple union to a physical mixture ; moreover, the external work 
which we must apply in order to separate the components of the 
mixture, is much greater in the first case than in the last. All this 
means that the union of the components in the first case is incom- 
parably more intimate than in the second. 

Nevertheless, the distinctions between physical mixtures and 
chemical compounds are only of degree, and we find in nature all 
gradations between these extremes. Thus we are inclined to speak of 
the solution of a salt in water as a physical mixture, on account of the 
ease with which the components can be separated from each other ; 
thus we can remove pure water from the solution both by evaporation 
and by freezing ; and, on the other hand, we can extract the pure salt 
without difficulty by crystallisation. At the same time, many pro- 
perties of salts may be changed in a pronounced way by the process of 
solution: this is well shown, for example, on dissolving in water 
anhydrous copper sulphate, a white substance which in solution assumes 
an intense blue colour. These and other phenomena suggest em- 
phatically that there is a chemical process associated with solution. 
On the other hand, in the union of various substances to form a new 
homogeneous complex, which for good reasons is to be regarded as a 
chemical compound, we find that certain properties of the components 
are unchanged. Thus, for example, in the union of iodine and mercury 
to form mercuric iodide, we find that the heat capacity of the newly- 
formed complex is almost exactly the same as before the union; thus 
the specific heat of each element remains unchanged in the conipound. 


The Law of Constant and Multiple Proportions.—The 
quantitative investigation of the amounts in which the different elements 
are present, has led to a much sharper distinction between physical 
mixtures and chemical compounds: we can vary the composition of 
the former within wide limits, but the composition of the latter is 


constant in whatever way they be prepared. John Dalton (1808) found | 4 
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| a wonderfully simple law to express the relative quantities according to 
| which the particular elements are contained in compounds of constant 

composition ; this is called the law of constant and multiple proportions. 
It states that one can find for every particular element, a certain 
number which we will designate the combining weight, which is the 
standard unit for the quantity of the element entering into all its 
various compounds. The quantities of the various elements in their respective 
compounds are either in the exact ratios of their combining weights, or else in 
simple multiples of these. 

This law is the foundation of chemical investigation; thus in- 
numerable analyses, and also especially the determinations of the com- 
| bining weights of the elements, conducted in the most various ways 
and with the greatest possible care, show that this law holds good 
with practically absolute exactness for the union of the elements in 
all compounds which are shown to be genuine chemical compounds. 


r 


The Molecular Hypothesis.—Although it appears entirely feas- 
ible to construct a methodical chemical system on the basis of the 
empirical laws of the exchange of matter and energy as given above, 
in which the empirical data can be comprehensively arranged, yet there 
has been added to these empirical laws a hypothesis concerning the 
constitution of material aggregates, which, although advanced in ancient 
times, was first shown to be advantageous for a deeper and clearer 
conception of chemical processes by Dalton and Wollaston at the 
beginning of the last century, and since then has remained the 
guiding principle of Chemistry and Physics. In the light of this 
hypothesis, a material aggregate does not fill, continuously and in all 
points, the gross space occupied by it; but is composed of particles 
of very small, but yet of finite dimensions, situated more or less 
distantly from each other, and called the molecules of matter. The 
fact that matter appears to fill space continuously, that the gaps 
between the separate molecules escape us, and that these, as such, 
are inaccessible to our immediate knowledge, much more to our un- 
biassed senses, all this is easily explained by the smallness of the 
molecule, and by our inability to grasp such tiny dimensions. 

Whether the molecular hypothesis can be reconciled with the actual 
facts, or whether it merely owes its origin to our existing inability at 
present to come at a deeper knowledge of natural phenomena from any 
other view—whether, perchance, the further building up of the doctrine 
of energy will lead to another and a clearer conception of matter, 
this is not the place nor the time to discuss. As a matter of fact—and 
this is the most important and only decisive test—the molecular 
hypothesis, more than any other theoretical speculation, has given 
powerful and varied assistance to every branch of natural science, and 
to chemistry in particular. Therefore, in the following presentation 
* of theoretical chemistry, the molecular hypothesis will receive special 
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consideration, and also in some cases it will be introduced where, perhaps, 
one can advance as far without it as with it, but where by the intro- 
duction of molecular conceptions the demonstration gains in interest 
and brevity of expression. Even to our day, the further extension of 
the molecular hypothesis has borne remarkably great and unexpectedly 
fine fruit for the positive enrichment of our science; therefore why 
should we not ever strive to make our conception of the molecule more 
tangible, and at the same time provide our eyes with increasingly 
powerful microscopes for the consideration of this molecular world ? 


The Atom and the Molecule.—The first great result of the 
assumption of a discrete distribution of matter in space, was the simple 
and clear explanation of the law of constant and multiple proportions, 
by its discoverer Dalton, through which the hypothesis, by one effort 
of modern science, arose like a phcenix from the ashes of the old 
Greek philosophy. 

The formation of a chemical compound from its elements, in the 
light of the molecular hypothesis, may be most easily conceived in 
this way, viz., that the smallest parts of the element enter into the 
molecules of the compound. ‘Therefore these molecules must be 
divisible, and such a separation takes place when a compound decom- 
poses into its elements. Thus we reach the assumption that a 
molecule does not continuously fill the space appropriated by it, but is 
an aggregate of discrete particles arranged in its total space. These 
particles we call ‘‘atoms.” These atoms, by the union of which 
molecules are made, are all alike if they belong to the molecule of 
an element, but different if they belong to the molecule of a chemical 
compound. Only in the first case [7.e. of an element] can it happen 
that a molecule may consist of a single atom. The force which binds 
the atoms in molecular union, we call the chemical affinity of the atom. 
To the action of this force we must primarily ascribe the fact that the 
properties of the atom vary so much according to the molecular com- 
pound to which they belong, and that their properties in the compounds 
are commonly so different from their properties in the free state. 

Many experimental facts support the obvious assumption that the 
atoms of one and the same element are equally heavy, and that the ~ 
molecules of a uniform chemical compound have the same composition. 
Then plainly the relative weights with which the elements enter into 
a compound must be those according to which the atoms enter into 
the molecule ; and as a definite number of atoms always unite to form 
a molecule of a compound, so will | the composition of this molecule 
always be definite. Further, since molecules of all kinds of com- 
pounds always contain a whole number of atoms, and usually not 
many, therefore the relative weights with which the elements enter into union 
to form the different compounds, must be either in the same ratios as the 
atomic weights, or simple multiples of these. Experiment confirms these 
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demands of the atomic theory to the greatest degree: the last state- 
ment contains the law of constant and multiple proportions, but it is 
an essential extension of this empirical statement, in that the com- 
bining weights, which are only obtained by experiment, are given a 
more obvious meaning, In the light of the atomic theory, the 
combining weights and the atomic weights must obviously stand in 
simple ratios to each other; the latter, however, cannot be ascertained 
with certainty without further experimental data. The discussion 
(Book II.) of atomic weight determinations will explain how the 
present values for, the relative atomic weights (assumed accurate within 
the limits of error) have been arrived at. 


The Table of the Elements.—Since we cannot obtain the 
absolute atomic weights from the stoichiometric combining ratios, but 
only the relative figures, a unit must be chosen. Dalton took the 
atomic weight of hydrogen as unit, as it was the smallest of all the 
elements. But as the exact determination of the relative combining 
weights of the other elements compared with hydrogen, offers ex- 
perimental difficulties, and furthermore, as most combining weights 
of the elements are determined from oxygen compounds, Berzelius 
made the atomic weight of oxygen the basis, and placed it at 100, in 
order to have no atomic weight less than unity. Recently there has 
been a return to Dalton’s unit for many reasons ; but there still exists 
the disadvantage that the ratio in which hydrogen and oxygen unite 
to form water has not yet been determined with satisfactory exactness 
(at the most to one part in a thousand); and therefore, after every 
new determination of this ratio there must follow a recalculation of all 
_ the atomic weights. How unsatisfactory it is to work with atomic 
weights of fluctuating value is obvious. The fact that it is so very 
hard to obtain pure hydrogen, and to weigh it with satisfactory 
_ accuracy, explains the great difficulty of a sharp determination of its 
_ eombining weight. Therefore from different sources a proposal has 
_ been made by way of compromise, which is now practically universally 
_ accepted. The ratio of the atomic weights of hydrogen and oxygen is 
nearly 1: 16; if then we assume the atomic weight of oxygen as the 
- normal, and non 1, but 
O = 16:000, 


then the atomic weight of hydrogen will be nearly but not exactly 1, 

and we unite the advantages of the units chosen by both Dalton and 

Berzelius ; thus we are entirely relieved from the necessity of changing 

| the atomic weight of ali the other elements, after every more exact 
determination of the composition of water. 

In the following table the elements are arranged in alphabetical 

A order with their symbols and their atomic weights according to the 

“at ia aaa Atomic Weight Commission.! 

“ Jou nm, Chem. Soc. 9'7. 1865 (1910). 
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Substance. | Symbol. Substance. Symbol. 
. 

| Aluminium Stee eet Py a Neodymium . ~ ) Nd: ya) dees 
Antimony . .| Sb | 1202 Neon é : - | Ne 20°2 

| Argon : ae Wee 39°88 || Nickel . d ORE 58°68 
Arsenic. ‘ alle eed N| 74°96 || Niobium . . J( Nib 93°5 
Barium . : : Ba_ | 1387°37 || Nitrogen. : 5 N 14:01 
Beryllium : : Be 9°1 Osmium . . sbeOs 190°9 
Bismuth . Z ; Bi 208°0 Oxygen . : : O 16°00 
Boron . . stile B 11:0 Palladium F aie get 106°7 

| Bromine . : z Br 79°92 || Phosphorus . : IP 31°04 
Cadmium : ; Cd | 1124 Platinum . : : Pt 195'2 

| Cesium . : .| Cs | 182°81 || Potassium é ; K 39°10 
Calcium . : : Ca | 40°09 |) Praseodymium se gee? 140°6 
Carbon . , : C | 1200 || Radium . ; 3 Ra 226°4 
Cerium . 4 Seee 140'25 || Rhodium... . |. IRR 4 eg:9 
Chlorine , : 5 Cl | 35:46 || Rubidium oa] gb, 85°45 
Chromium : : Cr 52:0 || Ruthenium . F Ru 101°7 
Cobalt. ; : Co 58°97 || Samarium : . | Sm re v50°4 
Copper. i yao (Ona 63°57 || Scandium : Se 44°] 
Dysprosium. : Dy | 162°5 Selenium . ; tye 79°2 
Erbium . ; ; Er | 167°4 Silicon . é Sishoeesd 28°3 
Europium ; : Eu | 152-0 Silver . : | Ae 10788 
Fluorine . ; aes AE 19:0 Sodium . , ‘ee 23-00 
Gadolinium . : Gd | 157:3 Strontium ; : Sr 87°63 
Gallium . ; : Ga 69°9 Sulphur . : : S 32°07 
Germanium . : Ge 12°5 Tantalum ; , Ta 181 
Gold : ; : Au | 197°2 Tellurium F alte 127°5 
Helium . Z : He 3°99 || Terbium . é lie hts) 159°2 
Hydrogen c - H 1:008 || Thallium : a, een 204°0 
Indium . : j In 114°8 Thorium . : ‘ Th 232°0 
Iodine . : : I 126°92 || Thulium . / «(naa ei BD 
Tridium . ; : ir 193°1 Tin. : ; ; Sn 119°0 
Tron 5 ; : Fe 55°85 || Titanium : Beinn At 481 
Krypton . ‘ ; Kr 82°9 Tungsten : : WwW 184-0 
Lanthanum . : La | 139°0 Uranium . é - U 238°5 
Lead : : : Pb | 207710 || Vanadium ; ; Vv 51°06 
Lithium . : ; Li 6-94 || Xenon . ©. 2 x 130°2 
Magnesium. ; Mg 24°32 || Ytterbium 3 oil VOD ieaiyZ2 0 
Manganese. : Mn 54°93 || Yttrium . c ; ¥ 89°0 
Mercury . ; : Hg | 200°0 Zinc . : , a beam 65°37 
Molybdenum . - Mo 96-0 Zirconium ; Bileea0 90°6 


Classification of Natural Processes.—Natural changes have 
long been grouped into physical and chemical ; in the former the com- 
position of matter usually plays an unimportant part, whereas in the — 
latter it is the chief object of consideration, From the point of view — 
of molecular theory a physical process is one in which the molecules — 
remain intact, a chemical process, one in which their composition is — 
altered. This classification has real value, as is shown by the ex-— 
tremely wide separation of physics and chemistry, not only in teaching, — 
but in methods of research: a fact that is all the more striking as — 
both sciences deal with the same fundamental problem, in Dwoded 


to the simplest rules the complicated phenomena of the external world, — 
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That, however, a separation of the two sciences cannot be advantageous 
in the long-run, appears to enjoy general recognition at the- present 
time when physicists and chemists are busily engaged in cultivating 
together the common ground of their sciences. 

But since thermodynamic laws appear to be applicable to all the 
phenomena of the external world, the question arises, whether pro- 
/ cesses occurring in nature cannot be classified according to their 
thermodynamic properties. As a matter of fact, a consideration of 
our fundamental formula (p. 23) 


dA 


draws attention at once to the following special cases :— 

1. U=A; the changes in free and total energy are equal. Then the 
temperature coefficient of A and therefore also of U is zero, 1.¢. 
temperature does not influence the phenomenon in question, at least not as 
'- regards its thermodynamic properties. Conversely, if the last con- 
dition is fulfilled A=U. This behaviour is shown by all systems in 
which only gravitational, electric, and magnetic forces act ; these can be 
described by means of a function (the potential) which is independent 
of temperature. Also in most chemical processes A and U are 
| approximately equal (see Book IV. Chapter V.). 


2. U=0, so that A=T%4 or A is proportional to the absolute 


temperature. The expansion of a perfect gas and mixture of dilute 
- solutions are instances of this behaviour, in which the influence of 
temperature comes out the most clearly (gas thermometer). 


dae 
aT 


3. A=0, and therefore U= —T 


This condition can only occur at a single point of temperature ; 
but A can be small in comparison with U over a considerable range of 
temperature. As then the percentage variation of A must be large, 
the influence of temperature must be very marked in such cases (evapora- 
| tion, fusion, dissociation, 1.2. all properly “physico-chemical ” 
| phenomena). | 
_ Case 3 is of course not so strikingly simple, and does not bring 
to life such important hypotheses as Case 1, which introduced forces 
of attraction into science, and Case 2, which was decisive for the 
development of the molecular theory. 

The case U=0 and A=0 would not be a process in the thermo- 
dynamic sense. Such ¢ases, however, exist and are of importance 
(movement of a mass at right angles to the direction of gravity, 
passage of one optical isomer into the other, etc.), so it appears that 


} 


/ 
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though thermodynamics suggests important points in the classification 
of phenomena, it is too narrow! to cover the whole. 


The Principle of Arrangement.—As we have thus obtained a 
general glimpse in this introductory sketch, a few words may here be 
added to explain the division of the material to be considered in the 
following pages. It is to be treated in a series of four books. In the 
jirst we will consider the wniversal properties of matter, devoting our- 


selves almost exclusively to the basis of facts experimentally verified © 


from all sides ; the doctrine of energy will also here do useful service, 
inasmuch as it will not only throw light upon the empirical data, but 
also very often will broaden and deepen the results of observations. 
The second book is devoted essentially to developing the molecular 
hypothesis, and, accordingly, more than the first, which is on the whole 
physical, leads us into the region of questions characteristically 
chemical; here will be specially considered the relations between 
chemical composition and physical behaviour. 

As we shall have studied the systems thus considered, in the 
light respectively of their properties of matter or of energy, we will 
then direct our main attention to the changes which they undergo 
under the action of chemical forces, and the conditions under which 
these forces find themselves in equilibrium. The last two books are, 
accordingly, devoted to the doctrine of affinity, and, according to the 
twofold nature of chemical decompositions, which alter on the one 
hand properties of matter, on the other properties of energy, we will 
consider in the third book the transformations of matter, in the fourth 
the transformations of energy. 


1 This of course is due to the fact that the two laws of thermodynamics are insufficient 
as an explanation of nature (¢.g., they take no account of the course of phenomena in 


time) ; unlike the molecular theory, in which such a limitation has not so far been shown . 


to exist. 


BOOK I 


THE UNIVERSAL PROPERTIES OF MATTER 


CHAPTER I 
THE GASEOUS STATE OF AGGREGATION 


The Universal Properties of Gases.—Matter occurring in the 
gaseous state has the property of completely filling all available space, 
and, if not acted upon by any external force, as gravity for example, 
of filling it at all points with equal density. The gas particles are 
easily movable against each other, and this very small internal friction 
makes it easy to give a gaseous mass, at constantly maintained volume, 
any desired form without noticeable expenditure of work. For the 
vessel in which the gas is kept, by its shape and capacity, determines 
the form and density of the enclosed gas. 

But a change of volume, and the associated change in density, calls 
for an important expenditure of work. Now, since gases have the 
tendency to occupy the greatest amount of space possible, or, in other 
| words, as a result of this tendency, to exert a pressure on the walls 
of the enclosing vessel, therefore by diminishing their volume external 
work must be performed, and by an increase of their volume external 
work is gained. 

In their reciprocal relations gases are characterised by unlimited 
_ reciprocal permeability: one can mix with each other gases most dis- 
_ similar in composition,.in all proportions, and for this there is needed no 
. expenditure of external work ; but it is rather a process which takes 
_ place “ of its own accord,” and therefore it can perform external work 
é when properly employed. 

A further characteristic, at least under the conditions commonly 
employed for working with gases, is the very slight density exhibited 
’ by matter in the gaseous state ; thus 1 c.cm. of atmospheric air, under 
_ atmospheric pressure at 0°, weighs only 0°001293 times as much as 

, l ccm. of water. But his is not an essential characteristic of the 
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gaseous condition, since under certain conditions, by raising the 
external pressure, we can bring a gas to any desired density ; but by 
reason of the great tenuity of matter, which we meet with in the case 
of gases not too strongly compressed, there results a very pronounced 


simplicity of the laws which control both their physical and their | 


chemical relations,—laws, moreover, which are of fundamental signifi- 
cance in the development of our conceptions of matter and of energy, 
and also for our conceptions of chemical processes. As we shall make 
continual use of these gas laws, they will be enumerated below, and in 
a form suited for subsequent application ; in a later section reference 
will be made to the changes which these laws experience in the case 
of gases compressed to a great density. 


The Laws of Gases.—1. The pressure p, and the volume v, at 
constant temperature, are inversely proportional to each other, 1.e. py =@ 
constant (law of Boyle and Mariotte). If we bring successively into 
the space of one liter, 1, 2, 3, . . . to n grams of oxygen, then we 
obtain 1, 2, 3, ... to n-fold pressure respectively ; every gram of 
oxygen presses as much on the enclosing vessel as though it were 
there alone. We. can express this result thus:—the pressure of 
a gas is proportional to its concentration, provided its temperature be 
constant. 

2. As a result of a rise in temperature, the pressure of a gas at constant 
volume (or, what is identical in the light of the first law, the volume of a gas 
at constant pressure) increases by an amount which is independent of the 
nature of the gas and of the initial LORY, the increase of pressure 
corresponding to a rise of 1° C. being 34+, [= 0°003663] of that 
pressure which the gas exerts at the same volume at 0°. Accordingly, 
at the temperature t°, if p, and v, denote respectively the pressure 


and volume at 0°, then the pressure which the gas exerts at the 


constant volume Yo, is 
Pe Pa(1 + as +3) = py(1 + 0:003663t) ; 


and the volume which the gas would assume, at constant pressure pp, 
would be (law of Gay-Lussac) 


V =v,(1 + 0:003663t). 


When pressure and volume both change during the heating, if at 
t° they amount respectively to p and v, ‘then, acco to the first 4 


law, 


p=P~2 and v=vie, 
y Pp 


and if by one of these equations we eliminate P and V in the equa- 


tions given above, we obtain 
PV = PoVo(1 + 0°003663t), 
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and if we reckon from — 273° instead of from 0°, we obtain 


— Poo 
PY 973 


’ in which T= 273°+t°, and its factor is a constant for any given 
quantity of gas. 

3. When different gases unite chemically, the volumes of the reacting 
gases, measured of course under similar conditions, bear simple ratios to each 
other, and the volume of the resulting compound, if gaseous, also stands in a 
sumple ratio to the volumes of its components (law of Gay-Lussac). 

4. The total pressure exerted by a gas mixture on the walls of a vessel, 
is equal to the swm of the pressures which each gas singly would exert 
(Dalton’s law). 

The laws given above are the immediate expression of experi- 


' -ment; as to their universal validity, it can at once be shown that they 


are not absolutely correct, but that they suffer variations (at most very 
slight), which, however, increase, the greater the pressure and the lower 
the temperature. Moreover, they are not free from great exceptions, 
inasmuch as there are gases, as for example nitrogen dioxide, iodine 
vapour, etc. which at elevated temperatures certainly cannot be com- 
pressed proportionally to the external pressure, and which do not 
expand in proportion to their distance from the absolute zero. But 
in all these cases it has been shown, as we shall see by the laws of 
dissociation, that the change of volume or temperature is accompanied 
by a chemical decomposition, and that if we take this influence into 
consideration, the laws of gases preserve their full validity, at least 
with variations of small amount. 


The Hypothesis of Avogadro.—To explain the fact that the 
union of gases always occurs according to very simple proportions by 
volume, Avogadro (1811) advanced a hypothesis which, after much 
opposition, has come to be recognised as an important foundation 
of molecular physics, as well as of all chemical investigation. 
According to this hypothesis, all gases wnder the same conditions of 
temperature and pressure, in unit volume, have the same number of 
molecules. Thus the densities of gases, measured under the same 
external conditions, have the | same ratios to each other as their 
molecular weights. 

Naturally ‘this hypothesis can no more be absolutely proved than 
the molecular hypothesis ; but it appears at the outset very plausible, 


" as it explains in the simplest way the validity of the third law of 


gases. Further, the numerous results which have been obtained in 
consequence of its application, are telling witnesses in its favour ; 

molecular weights inferred from investigations of a purely chemical 
character, are commonly in surprising accord with those reckoned from 
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the vapour density of gases. The kinetic theory of gases, as will be 
further shown in detail, leads, in an entirely independent way, to the 
same assumption. The usefulness of the hypothesis is further clearly 
brought out by the fact that, as will be shown in the theory of 
solutions, it can be applied to the case of substances occurring in very 
dilute solution, and has proved itself here to be of an adaptability 
hitherto unforeseen. Finally, a fact which speaks convincingly in 
favour of the hypothesis, is that it has been very successful in a case 
which was formerly supposed to be a noted exception, viz., abnormal 
vapour densities, as will be explained in the description of the 
dissociation phenomena of gases. 

By the help of Avogadro’s rule, the laws of gases! can be summed 
up in the following form :— 

If we take a gram-molecule of the various gases into consideration, 
i.e. the molecular weight expressed in grams, as for example 2g. H,, 
32g. O,, 18g. H,O, etc., then for any mass of gas there exists the 
following simple relation between p, v, and the temperature T, 
counting from - 273°: 


— Poop _ 
py = 0ST = RY, 


in which the factor R is only conditioned by the unit of measure chosen, but 
is independent of the chemical composition of the gases in question. 

According to measurements of the density of various gases the 
pressure which a gram-molecule, or mol (as it is now called) of a gas 
at 0° would exercise is 22°412 atmospheres, zc. 22:412 x 760 mm. 
of mercury at 0° measured at sea-level and latitude 45°, when the 
gas occupies one litre. | Hence 


22°412T 
pv => 973 = 0:08207T. 

The numerical factor occurring in this equation,—an equation 
which finds abundant application in the most varied calculations,—is 
probably determined with great accuracy. In the following we shall 
use the round value 0:0821. 


The following observations serve for calculating the gas constant. 
According to the measurements of Regnault, Joly, Leduc, and Rayleigh, the 
densities of the following gases at 0° and 760 mm. at sea-level and 45° 
latitude are : 2— 


=" 


1 According to Guldberg (1867 ; cf. Ostwald’s Klassiker, No. 189, p. 6) and Horstman, 
Berl. Ber. 14, 1243 (1881). 

? For the gravity correction see Landolt and Bornstein, Physihkalische-chemische 
Tabellen, 3rd ed. p. 17, table 5 ff. 
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Gas. M. Density. . Po 
Hydrogen. : : 2°016 89°88x10-%| 22:43 
Oxygen . : : 32-007. j-1429'1 -.,, 22°39 
Nitrogen 5 ‘ ; 202m eZOOs7 0 wen) § 2D *40 
Nitric oxide . : : 30°01) 01384965 | 20°85 
Carbon monoxide... 28°00 12507 ,, | 22°44 
Nitrousoxide. . se | eee) NO ZO-6ue ehh Gor sd 
Methane. . ‘ ; 16°04 PLESGE Wir DDE dd 
Ammonia. : é 17°07 LO2t Tae anne 22559) | 


Of course only such gases are available for calculating R as follow the 
laws of gases closely, and in particular have the normal coefficient of 
expansion. 

Dividing 1000 times the density (7.e. mass of a litre) by the molecular 
weight M we obtain the numbers given under p,, 7.e. pressure in atmospheres 
of a mol contained in onelitre. As at latitude 45° the acceleration of gravity 


_ is 980°6 and the density of mercury at 0° is 13596, the atmosphere is 


76 x 980°6 x 13°596 = 1,013,250 absolute units. 


The densities of the first three gases have been measured with remark- 
able agreement by a number of experimentalists! (Regnault, Joly, Leduc, 
Rayleigh, Morley, etc.), the rest are from the observations of Regnault. The 
mean of the first three values for p) is 22°41, of the others 22-40. We 
shall adopt the value 22°412.2. In a similar way D. Berthelot arrives at 
the number — 273:09° as the most probable value of the zero point on the 
absolute temperature scale. 

The density of atmospheric nitrogen (containing argon) is 1257:1 x 107° 
from which p)= 2229. The difference between this value and 22-41 would 
have been sufficient—if there had been more trust in the gas laws—to 
indicate an impurity in the nitrogen, and so lead to the discovery of argon. 


If n mols of different gases are under the pressure P, and if they 
fill the volume V at temperature T, then, of course, in the sense of 
Dalton’s law 

PV =nRT. 


The counting of the temperature from ~— 273-09° or roundly 


-—273° is called the absolute temperature scale, and T the absolute 


temperature. \f we regard the gas equation as available even for very 
small values of T (and. whether this is allowable or not is of course 
irrelevant in its practical application), we arrive at the result that a 
gas cooled to — 273° Celsius would exert no pressure on the walls 
of the containing vessel; this point is called the “absolute zero.” 

The formula given above, by means of the mechanical theory of 


1 See Lord:Rayleigh, Chem. News, 6'7. 183, 198, 211 (1893). 


PD! Berthelot, Zeitschr. me Elektrochem. 10.,.621-29 (1904); cf. also Book II. 


Chapter III. Section “‘ Calculation of Atomic Weights.” 


— 
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yheat, is applicable to several of the most diverse processes; thus 


the gas law is employed to ascertain the convertibility of heat into 
external work (p. 20). The gas equation is implicitly contained in 
all thermodynamical formule, in which the “absolute temperature ” 
almost always plays an important part. Scarcely any empirical law 
of nature has as yet been applied to such an extent as the law ex- 
pressed by this gas equation. 


The Content of Energy of a Gas.—lIf one connects two vessels 
containing gas at different pressures, so that an equalisation of 
pressure between the vessels takes place, but with no performance of 
external work, then in this process heat will be neither developed nor 
absorbed (Gay- Lussac, Joule, Thomson); the same result is obtained 
if a vessel is exhausted by an air-pump. 

This result, expressed most simply in the language of thermo- 
dynamics, states that the content of energy of a gas is independent of its 
volume. 

If two vessels which contain two different gases are put in 
communication with each other, these gases begin at once to diffuse 
into each other, and the final condition consists in a complete equalisa- 
tion of the difference in composition. In this process also, 7.¢. in the 
mixing of two gases, neither development nor absorption of heat 
is observed, provided, of course, that no chemical action takes place. 
The content of energy of a gas miature is accordingly equal to the sum of the 
energy-contents of the ingredients. 

These laws are of fundamental importance for the thermodynamics. 
of gases ; they are, like the laws mentioned above, available only in 
the case of ideal gases, and become the more inexact the lower the 
temperature and the higher the pressure of the gas in question. 


The Specific Heat of Gases.—Experience has shown that the 
quantity of heat which must be imparted to a definite quantity (by 
weight) of a gas, in order to raise its temperature 1°, varies accord- 
ingly as the heating takes place at constant pressure, or at constant 


volume ; in the first case the increase in temperature causes an increase — 


ms volume, in the second an increase in pressure, to the amount of 
ztz of the values which these magnitudes possess at ie SS to 
the gas laws. 

Accordingly we must distinguish between the specific heat of a 
gas at constant pressure and that at constant volume. Regarding the 
experimental determination, the simplest way to measure the specific 
heat at constant pressure is by a process patterned after the method 
of mixture, which consists in leading the warmed gas through a 
spiral calorimeter tube which is surrounded with water, and so deter- 
mining the quantity of heat which is given out by the cooling. 


Delaroche and Bérard first worked with this method (1811); then,’ 


‘ 
x 
: 
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more extensively, Regnault (1853), and E. Wiedemann (1876), who 
considered especially the influence of temperature on the specific heat 
of gases ; Lussana! has recently thoroughly investigated the influence 
of pressure. Further experiments are in progress at the Physikalisch- 
technische Reichsanstalt (Holborn). 

For the direct determination of the specific heat at constant volume, 
the gas must be enclosed in a vessel, warmed to a measured tempera- 
ture, and then cooled by dipping it in a calorimeter ; an exact deter- 
mination is easily prevented by the fact that the heat capacity of the 
vessel must be subtracted from that of the system in order to obtain 
that of the contained gas, and the heat capacity of the vessel is much 
greater than that of the contained gas.2 But with the aid of thermo- 
dynamics we can, on the one hand, derive without difficulty a simple 
formula which allows the calculation of the specific heat at constant 
volume from that at constant pressure, and on the other we will be 
led to certain experimental methods which show how the ratio of the 
two specific heats may be determined. 

Instead of the specific heat itself, i.e. the heat capacity of 1 g., we 
will commonly work with the heat capacity of 1 g.-mol, the so-called 
“molecular heat.” If c, and c, denote respectively the specific heats 
of a gas of mol wt. M, at constant pressure and constant volume, then 
the two molecular heats are respectively 


C,=Me, and C,=Mc,, 
and between these two exists the relation 


Cp, — C, = 1-985.cal. 
as will be shown below. 


The Specific Heat of Gases at Very High Temperatures.— 
A number of French investigators have recently succeeded in deter- 
mining the specific heats of gases at very high temperatures with quite a 
considerable degree of accuracy. Mallard and Le Chatelier * exploded 
a gas mixture of known composition in a closed iron cylinder, and 
determined the maximal presswre developed thereby : this last measure- 
ment was performed at first with a Bourdon’s manometer, which 
recorded its data by means of a needle on an evenly rotating cylinder. 
Later these same investigators employed “the crushing mano- 
meter” constructed by Sarreau and Vieille, on which the pressure 
was measured by the permanent deformation of a small, solid, copper 
cylinder placed between an anvil face and a piston on which the 


1 Lussana, Vuov. Cim. [8], 36. 5, 70, 180 (1894). 
2 But Joly (Proc. R. S. Lond. 5B. 390, 1894) showed that for sufficiently con- 
es gases this difficulty could be overcome. 
3 Compt. rend. 98. 1014, 1076 (1881), in detail in Recherches expérimentales, 
etc,, Paris, 1883 (Dunod), and ‘Ann. des mines, 1883. 
4 Compt. rend. 95, 26 (1882). 
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pressure to be determined acted; also here the time occupied in ~ 
developing the pressure was determined “by means of a needle and a 
rotating cylinder. From the observed maximal pressure of the 
explosion we can calculate the maximal temperature, and since the 
heat developed by the explosion is known from the thermochemical 
data, we obtain at once the heat capacity of the gas mixture. A cor- 
rection must be made to account for the heat given off to the walls of 
the explosion bomb, which on account of the quick occurrence of the 
explosion is inconsiderable ; this correction can be calculated from the 
velocity of cooling observed by the decrease of pressure after the 
explosion, or it can be determined quite accurately in an experimental 
way by the use of receiving vessels of varying size. 

From the fact that the maximal pressure of an exploding gas 
mixture, for example, “ knall gas,” when mixed with equal volumes 
of nitrogen, or oxygen, or hydrogen, or carbon monoxide, is diminished ~ 
to the same extent, it follows that these gases possess the same heat 
capacity up to the maximal temperature of explosion, i.e. upto 2700°. This 
assumes that these gases have the same coefficient of expansion up to 
these temperatures, which can scarcely be doubted after the measure- 
ments of V. Meyer and Langer.? 

These results have been confirmed as well as extended in several 
ways by Vieille,? and also by Berthelot and Vieille. After it was 
established that nitrogen and carbon monoxide had the same molecular 
heats, the specific heats of the two gases could be calculated from the 
observed maximal pressure of an explosion of a mixture of cyanogen 
and oxygen 

CN, +0,=N,+2C0O 


and the heat evolved by this reaction. Finally, from further 
‘researches which were conducted with an excess of nitrogen, a linear 
formula available up to 4500°, for the molecular heat of N,, H,, O,, 
and.CO at constant volume, could be established. 

This formula shows that the molecular heat of the permanent gases 
increases not inconsiderably with the temperature. 

Later Mallard and Le Chatelier* used in a very similar way the 
maximal pressures of various explosives, as observed by Sarreau and 
Vieille, to calculate the specific heats of gases, and also obtained the 
result that the molecular heats of the permanent gases increase 
strongly at high temperatures. 

Finally, A. Langen® has repeated on a larger scale the determina- 
tions of the maximal pressure of explosions of gas mixtures. The 
pressure charges are graphically recorded by means of a piston 


1 Pyrochem. Unterss. Brunswick, 1885. 

2 Compt. rend. 96. 1358 (1883). 3 Ibid. 98, 545, 601, 770, 852 (1884), 

* Wied. Beibl. 14. 364 (1890). 

> Compare the investigations by E. Meyer, published by the Verein deutscher 
Ingenieure, vol. viii. (1903) ; the monograph contains a very complete historical account. 
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indicator. Excluding the more uncertain measurements, when the 
maximum temperature of the explosion rose considerably over 2000°, 
he finds a weaker increase of the specific heats than the investigators 
mentioned above. He gives for the mean molecular heat at constant 
volume : 


Carbon dioxide ; - . 6°7+0°0026t 
Water vapour ; ; : - 5°9+0°00215t 
Diatomic gases : ; : - 48+0°0006¢ 


But gases with high molecular weight (halogens) depart from the 
last formula; for instance, Mathias Pier! found by the explosion 
method, for the mean molecular heat of chlorine—5:71 + 0:0005t. 

By the method of mixing, Holborn? finds between 0° and 1400° 
for molecular heats at constant pressure 


Carbon dioxide ; , . ; rails) 
Water vapour (between 100° and 1400°) 28 
Permanent, diatomic gases 6 


84 + 0°00326t — 0°00000079t? 
45 — 0°000302t + 0°00000079t? 
59 +0:0005t 

If we subtract 1°985 from the last value, we obtain the molecular 
heats at constant volume; comparison with Langen values shows 
plainly that there is a source of error in the explosion method. As we 
shall see in Book IV. Chapter IV., extraordinarily strong compression 
waves and correspondingly strong movements are produced in an 
exploded gas mixture; if the energy of these movements is not quite 
inconsiderable, as may be assumed, too small maximal pressures must 
be found by the explosion method, and therefore too low temperatures 
and too high specific heats. 


Le Chatelier (Zettschr. phys, Chem, 1. 456, 1887) has expressed the 
increase with temperature in molecular heats at constant pressure of poly- 
atomic gases by the formula 

C,=65.+ aT. 


The coefficient a was found by him to be the greater the more complex the 
molecule. 

Modern observations have shown this formula to be no longer tenable ; 
it can no longer be assumed that molecular heats of all gases converge to the 
“number 6°5 at absolute zero. The author has proposed the formula 


Cy 3'o tn. Loe al. 


n signifies the number of atoms in the gaseous molecules. This expression 
appears to agree satisfactorily with present measurements, and at the same 
time takes into account the condition that C, for monatomic gases (where 
a=o) has the value 5-0, as required by the kinetic theory (Book II. 
Chapter IT). 


The Thermodynamics of Gases: First Law.—As we have 
thus in the preceding) sections familiarised ourselves with the most 


1 Zeitschr. phys. Chem. 62. 385 (1908). 
2 Holborn and Henning, Drude’s Ann. 23. 809 (1907). 
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important empirical Fae to a knowledge of which we have been led 
by the experimental study of the behaviour of gases, we will now con- 
sider them from the standpoint of thermodynamics, which will both 
strengthen and extend them. It must be emphasised here that the 
results so obtained are not inferior in accuracy to the empirical facts 
on which they are based. 

The law of the conservation of energy (p. 8), insists that the change 
in total energy which a system experiences. through any event, is 
independent of the way by which it passes from the one to the other 
condition. Let us consider 1 mol of any gas enclosed in a vessel of 
volume v, which can be brought into communication with a second 
vessel of volume v’; and let us imagine that this system passes in 
the two following ways from the same initial to the same final 
condition. In the first way, the mol of gas, which originally occupies 
the volume v, is warmed 1° in temperature, and then a communication 
established between the two vessels. In the second way, communica- 
tion is established at once between the two vessels, and then the gas, 
which now occupies the volume v + v’,is warmed 1°. In neither case 
is the flowing over of the gas from the full to the empty vessel 
accompanied by ahy change of energy—either the performance of 
external work, or the development of heat—since the content of 
energy of a gas is independent of its volume (see p. 42); and in both 
cases the change of energy consists solely in the amount of heat which 
must be introduced to raise the temperature of the gas 1°. But in 
both cases the quantity of heat is equal to the molecular heat of the 
gas at constant volume, and the only difference is that in the first way 
the gas is warmed at the volume v, in the second at the volume v + v. 
The two quantities of heat must be equal to each other, 2.¢. the molecular 
heat, and of course the specific heat also, of a gas at constant volume, is inde- 
pendent of the volume at which the warming occurs. 

If 1 mol of an ideal gas is changed from the vol. v to that of 
v+v’ by connecting a vessel of volume v which holds the g.-mol with 
an empty vessel of volume v’, then there occurs no change in the total 
energy ; but, as in the case of every automatic process, there is a 


decrease of the free energy, and it can therefore be used to do external 


work. The only question is to finda mechanism which will yield the 
maximal work, as is necessary for the application of the second law. 
Such a mechanism is easy to find in this case: a cylinder closed 
at one end by a strong head, and shut at the other by a movable air- 
tight piston, will satisfy the demands. When we raise the piston the 
enclosed gas does work because it presses on the piston from within ; 
when we lower it we must overcome the gas pressure. If the cylinder 
is only capable of sufficient expansion we can bring the enclosed gas 
to any desired volume ; and that by means of this apparatus we really 
obtain the maximal work capable of being obtained in the expansion, 
we may know by the fact that in a compression we must apply the 


el a, 


ee, eS ey 


ee = ” : ans 


CHAP. 1 THE GASEOUS STATE OF AGGREGATION 47 


same amount of work which we obtain in the corresponding dilation. 
_ Thus the mechanism described is “ reversible.” 

When a gas expands without performing external work no thermal 
effect is observed ; but if, by the apparatus above described, ¢.g., the 
expansive force of a gas is used to do external work, then the gas 
must lose the equivalent amount of energy ; and conver ely, if the gas 
is compressed it must absorb an amount of energy equal to the work 
of compression. Therefore, by the application of the law of the con- 
servation of energy to the ideal gas, we obtain the result, that a gas 
when expanding absorbs heat equivalent to the external work it performs, and 
when being compressed evolves heat equivalent to the external work spent on it. 

Let us now imagine ] mol of a gas, enclosed in the cylinder above 
described, to be warmed 1° by the addition of heat; in general, the 
pressure exerted by the gas, as well as the volume occupied by the 
gas, will vary with the temperature ; the amount of heat necessary for 
a definite elevation of temperature will, therefore, also vary according 
to the manner in which these values change, as is shown both by 
experiment and by a consideration of some conclusions from the 
law of the conservation of energy. Most easily considered are the 
two following limiting cases :—Firstly, we will add to.1 g-mol of a 
gas the amount of heat C,, required to raise it 1° in temperature, the 
warming being so conducted that the pressure remains constant: or, 
Secondly, we will add to 1 g.-mol of a gas the amount of heat C, 
required to raise it 1°, the warming being so conducted that the 
volume remains constant. These quantities of heat, C, and C,, as 
already observed, are called respectively the molecular heat at constant 
pressure and the ‘molecular heat at constant volume; by division by the 
mol wt. of the gas in question, we obtain respectively the specific heat 
at constant pressure and the specific heat at constant volume. 

In order to obtain the relation between these two specific heats, 
on the one hand we heat the mol of gas, whose volume is v, through 
1° at constant pressure; this requires C, g.-cal. But since the gas 
expands during the heating, and, indeed, overcomes the constant pres- 
sure p which is weighting it down, so at the same time external work 
will be performed, which is found by the product of the pressure and 
_ the inerease of volume; and since the former is p, and the latter is 


1a 
Hee: 


If, on the other hand, we heat the gas at con- 


stant volume, there ‘oceurs no performance of external work, and it 
requires only ‘the addition of Cy’ g.-cal. 
Now, according to the law of the conservation of energy, 


Cy -Tr=Cy 


or if we combine with it the gas equation (p. 40), 
pv=hT, 


3 


Ca 


a 
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we get 
C, -R=C,. 
If the molecular heat is expressed in cal. the constant R must be 
also so expressed. 
Now, if we express p in atmospheres and y in litres, then 
pv = 0°0821T, 
and therefore 
litre-atmospheres_ 


=0°082 : 
aah ate degrees Celsius 


The left side of the equation, which represents the product of pressure 
and volume, is a quantity of energy which we estimate according to 
the method given above in litre-atmospheres (p. 13); in order to 
transform it to g.-cal. we remember that 

1 litre-atmosphere = 24-19 g.-eal., 
and then 

pv =0-0821 x 24-19T = 1-985T, 
and consequently 

ie aoe cal. 

det degrees Celsius 
The difference of the two molecular heats, therefore, amounts to 


cal. 
eEIET ter degrees Cel.’ 
and the difference of the specific heats will be 
1985. 
, aaiaie 
Since, for the calculation of litreatm. in g-cal. the mechanical 
equivalent of heat must be known, so conversely this equivalent of heat 
can be determined from the difference between these two specific heats 
of a gas. As is well known, this is the way used by Mayer in 1842. 


The relation between C, and C, can also be derived from the equation 
of p. 10— 


cU\ ov 
0, -Cy= (0-5 ag 
If we apply this to one mol of gas, and remember that here 
U_, ya BT w_R 
i ae v= Pp 5) oT p’ 
it follows that 
C,-—C,=R. 


The Ratio of the Specific Heats of a Gas.—The application 
of the first law of thermodynamics to the ideal gas has led further 
_to two very important experimental methods, which make possible a 
fairly exact determination of the quotient 


} | 
CHAP. I | THE GASEOUS STATE OF AGGREGATION 49 


Ce ee. 

1, THE MetTHop oF CLEMENT AND Desormxs.—lIn a large glass 
globe is enclosed the gas to be investigated under the pressure P,, 
which is made a little greater than the atmospheric pressure P. The 
globe is opened for an instant so that the pressure in the interior of 
the vessel sinks to that of the atmosphere, and then is closed again as 
quickly as possible. In consequence of the expansion the gas has 
somewhat cooled ; heat will therefore flow in from without, and conse- 
quently the pressure in the interior of the vessel will increase a little 
over that of the atmospheric pressure, to the value P,. 

We develop the formula for the case when P, (and therefore of 


' course P, also) is only very slightly different from P, so that if we 


make 
P=P +), 
PL,=P +p» 

then p, and p, are very small in comparison with P, a proviso which 
must be realised in practical experiment. 

If V is the volume of os ne then on opening it at atmospheric 

— Pe 

“Pp 


pressure P, the volume V xP escapes, and accordingly performs 


the work V(p,—p,) against the atmospheric pressure. This amount 
of work corresponds to the cooling of the gas in consequence of the 
outflow: on the assumption that, at the moment of the outflow, the 
quantity of heat introduced to the gas from without is vanishingly 
small, or, as we say, that the dilation occurs “adiabatically,” then the 
amount of undercooling, by which the gas sinks below the temperature 


| of the experiment T, can be calculated from the equation 


GPs. 

i 
since, in consequence of the subsequent reheating from T—t to T, 
which was caused by the heat coming in from without after closing 
the vessel, the pressure of the gas increased from P to P+p,, This 
reheating took place at constant volume ; and as there were contained 
in the vessel 


od mol (p. 41), 


y 

RT ® 

so accordingly there-was introduced 
LEAs PoV 


Seek 
tpplv R =e (0, cal., 


which must correspond to the work performed by the gas, and 
calculated above [viz. V (p,—p,)]; hence, if we express this in 


calorimetric units, we have 
E 


50 THEORETICAL CHEMISTRY BOOK I 


Pp. 
Pi — Pe= Ror 
This equation will serve for the experimental determination of 
Cy; if we multiply it by the equation developed above on p. 48, viz. 
C, —Cy=B,; 


we shall have 


In consequence of the unavoidable fact that, during the outflow, 
the undercooled gas extracts heat from the walls of the vessel, the 
value found for t, and accordingly that for p,, and also that for k, will 
come out too small. These sources of error can be, however, reduced 
to a minimum by operating with as large a globe, and as small 
differences of pressure, as possible. In this or in a slightly modified 
way Réntgen (1870) found for dry air k=1°4053, Lummer and 
Pringsheim (1894) k = 1:4015, Maneuvrier and Fournier (1896) k= 
1°395. 

2. THE MerHop oF THE VELOCITY OF SouND Waves (Dulong, 
Kundt).—According to a formula first developed by Laplace, the 
velocity, u, of transmission of a wave is given by the following equation : 


a / vs 


where d is the density of the gas in question. The ratio of the 
velocity of sound u, and u, in two gases with the densities d, and d,, 
when measured under the same conditions of pressure and tempera- 


ture, is therefore wh V/s 
mV gd 
or if we replace the densities of these gases by their respective mol 
weights (M, and M,), 
my /qM, © 
Now the ratio of two wave velocities is capable of exact measure- 
ment by a method given by Kundt.? If the clamped glass rod, G 


ommommmmmrmens} 111! {11 0111 /)| (eri i}{ier itil 
2. kei Soeaea es A 


Fig. 2. 


(see Fig. 2), be rubbed with a slightly moistened cloth till it sounds its 
longitudinal tones, the air contained within the glass tube will be 
thrown into stationary waves which can be rendered visible to the 


1 Since pressure and density are proportional, the velocity is independent of pres- 
sure ; in the above formula, therefore, only equality of temperature is assumed. 
- * Pogg. Ann. 127, 497 (1866) ; 185. 337, and 527 (1868). 
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' eye and easily measurable by the introduction of fine dust (as cork- 
powder, precipitated silica, etc.). By adjusting the stop E, which 
, closes the end of the tube, the point at which the stationary waves 
are most sharply defined can be easily found. The distance | 
between two nodes is proportional to the velocity of sound in the gas. 
The ratio for the specific heat of any desired gas, of mol wt. M, is 
‘thus obtained by comparison with the similarly determined value for 

atmospheric air (viz. 1°400), from the equation 

, 1 
k=1-400 29°01,2° 

when |, and 1, are the node intervals for the gas in question and for 
air respectively, measured under the same conditions of temperature 


M : . 
and pressure ; instead of 39-0 We may write the vapour density. 


We will return later to the results obtained experimentally by 
- these methods (Book II. Chapter IT.). 


The Thermodynamics of Gases: Second Law.—The appli- 
cation of the second law of thermodynamics will in this case teach us 
nothing new, since we actually derived the quantitative side of this 
law from the relations of an ideal gas to pressure and temperature, 
after learning that experiments conducted in any special system could 
be at once generalised. At the same time it is instructive to reverse 
our steps and convince ourselves how the general equation 


is to be manipulated in this case. 

The process which we will consider will be the flowing over of a gas 
from a full to an empty space, and let the volume of 1 mol increase 
from v, to v,: the change of total energy is equal to zero (p. 42). 

U=0. 
The maximal external work to be obtained in this process, a know- 
ledge of which is essential for many purposes, is easily found ; for, 
according to the considerations put forward on p. 46, it is equal to 
the work required for the compression of 1 mol at constant temperature, 
from v, to vy. 

If we diminish the volume v of a gas, at pressure p, by an amount 
_ dv, then the work pdv must be done; if we diminish tie volume v, 


of 1 zap of a gas to v,, then accordingly the work fav must be 
My 


done ; remembering that pv = RT, we have 


{| Vo v9 
. Re [pav = RT| -RT In 2, 
Vv Vy 
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in which In denotes the natural logarithm. If the pressure of 1 g.- 
mol, at the volumes vy, and v, respectively, amounts to p, and p,, then 
according to the law of Boyle and Mariotte 


ae — Pi 
VY, Ps 
and therefore 5 
A=RT In? 


oy 


The maximal external work to be obtained by the inerease in 
volume of 1 g.-mol of an ideal gas from v, to v,, or, as we have already 
defined it, the diminution of free energy associated with this process, 
is, accordingly — . 

1. Only dependent on the ratio of the initial and final volumes 

or pressures respectively, but is independent of their absolute 
magnitudes. 

2 Proportional to the absolute temperature. 

3. Equally great for different gases. 


Of course n times the work is necessary for the compression of n 
molecules. If we choose, as unit of work, that which will be spent 
when the pressure of one atm. works during an increase in volume of 
one litre, then according to the above (p. 40), 


A =0:0821T In “2 = 0:0821T In = litre-atm. 


2 
On the other hand, if we anion as the unit of work, as is more 
customary, the work performed when 1 g. is raised 1 cm., against the 
earth’s attraction, then it must be noticed that the pressure of one ~ 
atmosphere, é.¢. of a column of mercury 76 cm. high, amounts per sq. _ 
dem. to 


100 x 76 x 13°596 = 103,330 g. in weight, 


and that therefore, when this pressure weighs down the volume of a 
litre, and thus works against the force mentioned above through a 
distance of 10 cm., then A assumes the value 


A=84,800T In = cm.g. 
1 


Finally, in order to obtain A in our practical scale of energy, viz. 
the cal., we must divide this last expression by the mechanical 
equivalent of heat : 


A= 


84,800 Vert ee V5 
42,720) ™y, =! Poot in oe 


Now, observing that 
U=0; ALR; ana “=e 
vs dT v, 
then the equation of the second law of thermodynamics 


s 


CHAP. I THE GASEOUS STATE OF AGGREGATION 53 
dA 
A=U=T-5 
dT 


becomes in this case an identity. 


The Behaviour of Gases at Higher Pressures.—When we 
' work with strongly-compressed gases, then the laws which we have 
thus far studied can be applied only with precaution; and at high 
pressures, and therefore at great densities, they lose their value entirely. 
Low concentration, the dissemination of gaseous material throughout 
a relatively great volume, is, in fact, the essential condition for the 
simple and regular behaviour of the ideal gas. 

The compressibility of highly-condensed gases has been investigated 
by Natterer, Regnault, Cailletet, Andrews, and with special thorough- 
ness in more recent times by Amagat. As the behaviour of strongly- 
compressed gases has given occasion to some remarkable investigations 
|. on the molecular theory, it will be considered more thoroughly in the 
second book. Here will be given a series of observations by Amagat! 
on nitrogen at 22°, as follows :— 


pin Atm. py. pin Atm. pv. 
1°00 1:0000 126°90 1°0015 
27°29 09894 168°81 1°0255 
46°50 0°9876 208 64 1°0520 
62°03 | 0°9858 * 251°13 1:0815 
73°00 0°9868 290°93 11218 
80°58 0°9875 33204 1°1625 
90°98 09893 37330 12070 
109-17 0°9940 430°77 1°2696 


The compressibility is at first much greater than required by the 
Boyle-Mariotte law, reaches a maximum, then decreases considerably, 
and at about 124 atm. pv regains and passes its normal initial value. 
This behaviour is general. 


The thermodynamic treatment of highly-compressed gases offers correspond- 
ing complications. If we consider again the expansion of 1 mol of a gas from 
v, to v., it must be at once observed in the application of the equation 
7 3 dA 
A-U= Tart : : , ; : (1) 
that U, the heat developed by expansion without the expenditure of 
_ external work, is no longer equal to zero, but has a value by no means 
inconsiderable, and, after the analogy of the heat of evaporation, it is 
‘usually negative. A is again given by the integral 


Vp 
4a 
’ 5: A= |pav : : ; : ; (2) 
© 


1 Ann. chim. phys. [5], 19. 345 (1880). 
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to calculate which, p must be determined as a function of v in any given 
case by experiment. Finally, the first law of thermodynamics gives for 
change of U with the temperature (p. 9), 


au 
7c, : ae 


in which ©, denotes the molecular heat at volume vy. The differentiation 
of the equation (1), or also direct application of the equation developed on 
p. 24, gives 


a aE is . 5 ; . (4) 


in which Q=A-— U, and denotes the heat absorbed in isothermal expansion 
with expenditure of work. Equation (3) can also be written in the form 


2U 6C, 
aTov ~~ ov (8a) 
assuming v,—v, to be very small. Now 
eQ, oA =U) = 0U! 
ee payit O Een 
or combined with (4) 
0U op 
eS nel Nee 5 : - 5 5 
ay ~P— Tor ©) 
and this differentiated for T gives 
eu ep 
ovoT —«-_—«sOT? 
or with the aid of (3a) ‘ 
CCmCep 6 
oy lar? & 
Finally, the equation of p. 10 
: oU\ ov 
0,- Or=(v- 55) a 
in combination with (5) yields 
op ov 
ASG F 5 : 5 7 
Oh Ce Sam (7) 


Although hitherto, applications of these equations have been advanced ! 
only in a disjointed way, nevertheless it cannot be doubted that they are 
of great value in proving and extending investigations conducted on highly- 
compressed gases. Moreover, it should be emphasised that these equations 


also hold good for the compression of homogeneous bodies, whether liquid 
or solcd. 


1 Compare, for example, Margules, Wiener Sitzungsber. 97. 1885 (1888), and 
especially Amagat, J. de phys. [3], 5. 114 (1896), 


CHAPTER II 


THE LIQUID STATE !OF AGGREGATION 


The General Properties of Liquids.—If we diminish the available 
volume of a definite amount of a simple gas by increasing the external 
pressure, the pressure exerted by the gas on the surrounding walls in- 
creases continually with the diminution of volume ; if the temperature 
is low enough, there suddenly comes a point at which, by diminishing 
the volume, the pressure experiences no increase, but remains 
constant. At the same time it is observed that the material contained 
in the vessel, although of the same composition at all points, is 
present in two forms, distinguished by density, refractive index, ete. 
The substance has passed from the gaseous state of aggregation to a 
much greater state of condensation. The capacity of the substance to 
exist at the same time in two different forms depends on definite 
conditions of temperature and external pressure ; for every temperature 
there is a certain pressure, the so-called ‘‘ vapour pressure” (also 
called the vapour tension, maximal pressure, etc.), at which the gas 
and the more condensed form can exist side by side, or, as is said, 
exist im equilibrium with each other. Jf we diminish this external 
pressure, the whole mass goes over into the gaseous state; if we 
increase the pressure, it goes over to the condensed condition. If 
all the gas is condensed at constant pressure, then a further increase 
of pressure causes, qualitatively, the same phenomena as before 
the beginning of condensation. A gradually diminishing volume 
corresponds to an increase of the opposing pressure; only now the 

same percentage increase of pressure brings about a much smaller 

diminution in volume than before the condensation. 

Now it is possible, according to the nature of the gas, by means 
of the experimental method described above, to condense the sub- 
stance into two essentially different forms; if removed from the 
influence of external forces, especially gravity, it appears either in 
the spherical form or else crystallised in geometrical forms; in the 
first case the substance is called a lquid, in the latter a solid. 
Matter in the liquid state, like that in the gaseous state, has a 

P 55 
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relatively easy mobility of its particles, though the work performed 
by this reciprocal mobility, which is measured by the “internal 
friction,” and appears in the form of heat, is always much greater 
in the liquid state than in the gaseous. It is not to be assumed that 
the common property of the gaseous and liquid states, as contrasted 
with the solid, is the lack of a tendency to assume a definite shape ; 
for a liquid when left to itself, as when suspended in another liquid 
of the same density, and so removed from the action of gravity, by 
virtue of those inherent forces, which we will presently consider 
under “surface tension,” takes the sharply-defined form of a sphere. 

The special properties of the solid state will be dealt with in the 
following chapter. 


Surface Tension.—The characteristic tendency of substances in 
the liquid state, when left to themselves, to take a spherical form, to 
reduce the free surface to a minimum under all circumstances, can be 
clearly explained by the method of Young (1804), by assuming that 
certain characteristic forces are active in the free surface of liquids. 
The superficial layer behaves like a tightly-drawn elastic skin which 
strives to contract. The force exerting itself normal to a section 1 em. 
in length of the surface, is called the surface tension. A strip of the 
superficial layer of water of 1 cm. in breadth, for example, exerts a 
contracting force equal to 0:082 g. weight. Contrary to the behaviour 
of an elastic skin, this force, of course, is unchanged with unchanging 
temperature, despite an increase or decrease of the surface. 

The absolute value of the superficial tension can be directly 
measured in several ways; if, ¢g., a moistened cylindrical tube of 
radius v is dipped vertically into the surface of a liquid, then the 
superficial tension works in the section cut off, and in a direction at 
right angles to the tube, with the force: length of the section x 
superficial tension = 27vy, if we denote the latter by y; this force 
will raise the liquid in the tube to such a height that it is exactly 
compensated by the action of gravity ; hence 


2rvy = vhs, 


where h is the height of the liquid, and s its specific gravity, and 
therefore the right side of the equation represents the weight of the 
liquid raised. Therefore the surface tension, expressed in magnitudes 
which can be easily determined, is 


y = Shs, 


Vapour Pressure and the Heat of Vaporisation.—lIf we 
bring a simple liquid into a vacuum, evaporation takes place at once, 
till the pressure of the gas formed has reached a definite maximal 
value, namely, the corresponding vapour pressure. / This pressure 
increases with the temperature, and usually very rapidly. In the 
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presence of another, but an indifferent gas, evaporation takes place 


) till now the partial presswre of the resulting vapour is equal to the 


vapour pressure (law of Dalton). 

The passage from the liquid to the gaseous state, under the. 
pressure of the saturated vapour, is attended with very important 
changes of energy: firstly, external work is performed; secondly, 
heat is absorbed from without. 

Let there be enclosed in a cylinder with a movable air-tight 
piston a simple liquid, the vapour of which has the same composition 
as the liquid itself; and let the vapour pressure which it exerts at 
the (absolute) temperature T in question amount to p. Now we 
will raise the piston so far that 1 g.-mol of the substance goes over to 
the state of a gas; if this amount as a liquid occupied the space Vv, 
but as a gas under the pressure p, the volume y, then the external 
work performed in its evaporation is p(v—v’). When p is not too 
great, we can, firstly, consider v’ as a very small, negligible fraction 
of vy; and, secondly, we can apply the gas equation in the form 
pv=RT, where, as usual, the volume is reckoned in litres and the 
pressure in atmospheres. The external, work which can be gained 


by the evaporation of 1 g.-mol of any selected liquid under these 


conditions, amounts therefore to 0°0821T litre-atmospheres or 1:985T 
g.-cal. (p. 48); 2 ts independent of the nature of the liquid, and is pro- 
portional to the absolute temperature. 

Secondly, the evaporation of 1 g.-mol is associated with the 
absorption of heat. That quantity of heat which is identified with 
the evaporation of 1 g. of a substance is called the heat of vaporisation ; 
and that identified with the evaporation of 1 g.-mol of a-substance is 
called the molecular heat of vaporisation. It varies with the substance ; 
its dependence on temperature can be calculated, on thermochemical 
principles (p. 9), from the difference of the specific heats of the 
liquid and of the saturated vapour, in the following way. 

According to what has been said above, the diminution U of total 


energy in the evaporation of 1 g.-mol is equal to the external work 


performed RT, minus the heat absorbed, ic. the molecular heat of 


vaporisation X; accordingly, if we assume that we can calculate the 
_ external work from the gaseous laws, 


: (eu ies 
and 

, aU dav 

ap 7B ~gp = Me- Oo 


where C, is the molecular heat of the vapour at constant volume, and 
Me the heat capacity of 1 g.-mol of the liquid. If, according to p. 


48, we make C, — C, =R, we have 


dr 
ar 7 0’ + R-Mc=C,- Me, 
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or if | denotes the ordinary heat of vaporisation, 


dl aeey 
ap 7° : ‘ : ; (1) 


Now, in all cases hitherto investigated, the specific heat of a sub- — 
stance is greater in the liquid than in the gaseous state ; therefore the . 


heat of vaporisation always decreases as the temperature mereases. 


The specific heat of liquid benzene was found by Regnault to be 
0-436 between 21° and 71°; that of benzene vapour at the mean 
temperature (46°) can be calculated, according to p. 45, as 


6-5 + (273 + 46) x 0-051 
78 


= 0'292, 


so that 


¢, —c= —0:144, 


P 


Actually Griffiths and Marshall! found for the heat of evaporation 
of benzene between 20° and 50° 


1=107'05 — 0°158t ; 


the difference between 0:144 and 0158 lies within the limits of 
experimental error. The specific heat of liquid water at 100° 
is 1:01, that of water vapour (at constant pressure) 0°46, whence the 
latent heat ought to fall off by 1:°01—0:46=0°55 per degree, whilst 
Henning? found the decrease to be 0:63 between 90° and 100°. It should 
be remarked that water vapour deviates from the laws of gases appreci- 
ably on account of polymerisation (formation of double molecules). 


The second law of thermodynamics gives an important connection 
between the heat of vaporisation and the change of vapour pressure 
with the temperature: in the same way in which we considered the 


flowing of a gas into an empty space (p. 51), we will now apply to — 


the evaporation of 1 g.-mol of a liquid in a vacuum, the equation 


dA 
the volume, which is at the disposal of the evaporating liquid, we will 
choose as equal to the difference between the specific volumes of the 
saturated vapour V and of the liquid V’; then we have 


; dA d 
A=p(V-V%); TT at 


and accordingly 


(V-V); U=pV-V)-] 


ey , : 
iT Av =v) . | a2) 


1 Phil Mag. [5], 41. 1 (1896). 
2 Ann, d. Phys. [4], 21. 849 (1906). 


EEE ee 
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an equation first developed by Clausius, and also given by the im- 
mediate application of the equation on p. 24. 


Henning (loc. cit.) found the heat of vaporisation of water at 100° to be 
538°7 cal. 

The vapour pressure of water at 99°5° is 746°52, at 100°5° is 773-69 
mm. (Wiebe, Tafeln iiber die Spannkraft des Wasserdampfes, Braunschweig, 
1903); hence! at 100° 


=e 77369 — 746-52 = 27-17mm, =0-03570 atm. 

The specific volume V of saturated water vapour? at 100° amounts to 
1674 litres (Knoblauch, Linde, and Klebe, Mittezl. tiber Forschungsarb. aus 
dem Gebiete des Ingeniewrwesens, vol. 21, p. 53, 1905), somewhat greater than 
that calculated from the theoretical vapour density of water (0°633 instead 
of 0-622 compared with air); the specific volume V’ of liquid water is 0-001 
litre ; therefore we find 

V — V’=1673 litres, 
and 
1=373 . 0:03570 . 1°673 = 22-29 litre-atm., 
or 
1= 22-29 x 24:19 =539°12 g.-cal., 


a result in satisfactory agreement with observation (538-7). 


As in the example given above, one can very often neglect V’ 
in comparison with V, and can calculate V with satisfactory accuracy 
from the laws of gases. The volume v of 1 g.-mol of saturated 
vapour amounts to 


v=MV= a 
Pp 
and theréfore 
nee op 
IM — r = > dT’ 


or transformed and expressed, like R, in g.-cal. (p. 48), 
din 
. nat Pe. ih: : : : 3 
d= 1:985T? qr oe (3) 


a formula well suited for practical applications. 


Within small temperature limits T,—T, we can regard A as constant ; 
then equation (8) suitably transformed 
ie ye Par 


Un? 1985 . 72 


= On determining differential coefficients in such cases see Nernst and Schonflies, 
Hinleitung in die math. Behandl. der Naturw., 4th edit., Miinchen, 1904, p. 286 ff. 
2 Wiiliner and Grotrian, Wied. Ann. 11. 545 (1880). 
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can be integrated over this interval, giving 
ee eee 
T,-T, Py 
in which p,, p, are the vapour pressures at T,, T,. Introducing common 
logarithms 
cis 6 
= 1-985 x 2303-12 log P2, 
T,-T, ° Py 
For benzene, Kahlbaum and y. Wirkner (Dampfspannkraftmessungen, 
2. 17, Basel, 1897) found, in good agreement with the earlier measurements 
of Regnault and Young, 
T, =273 + 20 Py= 75°0 mm. 
T,=273 +30 P,= 118-0 mm. 
whence the molecular latent heat A is calculated at 7990 cal., whilst at the 
mean temperature (273 +25) the measurements referred to on p, 60 give 
(C,H, = 78) 
(107-05 — 0158 x 25)78 = 8040. 
For the temperatures 
T,=273+70 Py = 5465 
T,= 273 + 80 Py = 750°0, 
whence (=7640 and the observed value is 7426. The appreciable 
difference in this case is due to benzene vapour being more dense at these 
pressures than accords with the gaseous laws. 


The Form of the Vapour Pressure Curve.—The question, 
how the vapour pressure of a liquid changes with the temperature, or, 
in other words, what is the form of the vapour pressure curve, has been 
the subject of much experimental and theoretical investigation. At 
first the purely empirical result was found that the vapour pressure 
increases with the temperature, and indeed very rapidly, and accord- 
ingly the vapour pressure curve is convex downwards and highly bent ; 
its upper extremity is found at the critical point (see below) ; its lower 
extremity in all probability is not found till the absolute zero, where gases 
cease to be capable of existence, and the corresponding vapour pressure 
becomes zero. Ifthe vapour pressures are chosen as abscisse#, and the 
corresponding temperatures as ordinates, the curve of boiling-points of 
the liquid is obtained. 

There have been a very great number of researches to find out a 
universal law which should express the dependence of the temperature 
of boiling on the external pressure, with satisfactory accuracy. 
Theoretically, indeed, this problem was solved to a certain degree by 
Clausius in the formula derived above— 


dp eh 
1=Ta HV -V); 


for, by means of this formula, the change of the boiling-point with the — 
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external pressure can be strictly calculated, and doubtless also with 
the greatest accuracy, if the heat of vaporisation, and the specific 
volumes of the liquid and of its, saturated vapour in their dependence 
on the temperature, are known, and further if the volume of the 
vapour can be calculated from temperature and pressure (by means of 
a suitable equation of condition). 
Thus, if the vapour pressure p, at some one temperature is known, 


we can calculate the value of V belonging to it, and thence = by the 


above equation. For a temperature higher by the small amount At, 


: d ; 
the vapour pressure is py + ar(3P) , whence we may find V again, 
P=Po 
and so on. It is therefore possible to calculate the vapour pressure 


curve by successive steps. 


If the gaseous laws are applicable to the vapour (p. 59) 


= Rit? e 
. Mee He 
and, by p. 57, 
dv ‘ 
ap Ga OF) «. ; ; : ; (2) 


where C, is the molecular heat of the vapour at constant pressure, and C 
the molecular heat of the liquid ; we can then integrate this over an interval 
of temperature such that C, and C can be regarded as constant, ie. A is a 
linear function of the temperature 


A=A,-(C-C,)T  . ; : : (3) 
(1) and (8) give 
dip A C-G, 
CIN Aad Sikes a 

from which, by integration, _ 


-C 
log p= = eS P log T + const., 


or 
par Oi Cn 


p=Ae~ ys Rie? 


where A and B are two constants that can be calculated by means of two 
pairs of values of p and T, This equation is suitable over intervals of 
temperature that are not too great and are well removed from the critical 
point! For calculation over larger intervals of temperature C and C, must 
of course be treated as functions of the temperature. 


Comparison of the vapour pressure curves of different substances 
has led to results of importance that are very convenient in applica- 


1 For an application see Hertz, Wied. Ann. 17. 193 (1882) ; Ges. Abh. 1, 215. 
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tion. Dalton! pointed out such a relation, and by reckoning the 
boiling-point from the absolute, instead of from the conventional, zero, more 
striking regularities have been discovered. 

As was shown in numerous examples by Ramsay and Young,’ 
whose extended observations on the evaporation of liquids gave im- 
portant information on many points, the ratio of the boiling-points of 
two substances chemically related is nearly constant when measured at 
equal pressures and absolute temperatures, z.¢. reckoned from — 273° ; 
in the comparison of substances chemically different this ratio changes 
with the temperature. 

In the following table, the figures of which are taken from the 
measurements of Schumann,® are given the absolute boiling-points 
with the corresponding pressures, for a number of esters, ie. sub- 
stances of closely-related composition :— 


Baa a: 760 thm. | 200 mm, ae 
Methy1 formate F : A 305°3 273°7 1°115 
Methyl acetate ; 3 : 330°5 296°5 1115 
Methyl propionate . ; : 352°9 316°7 1-114 
Methyl butyrate. 5 Ea ouDES 336°9 1114 
Methyl valerate . . : 389°7 350°2 ga IS 1)! 
Ethyl formate . ‘ 4 : 32774 293-1 1117 
Ethyl acetate . : : : 350°1 3144 1114 
Ethyl propionate. 5 : 371°3 333°7 1113 
Ethyl butyrate ; 2 > 392°9 3522 1:116 
Ethyl] valerate ¢ : : 407°3 365°3 1115 
Propyl formate : 5 354°0 318°0 1113 
Propy] acetate . : : 3 373°8 33671 1112 
Propyl propionate . 5 - |, 3895°2 355°0 1:118 
Propyl butyrate. 5 : 415°7 "374°2 algal! 
Propyl valerate . 5 < 428°9 385°6 1:112 


According to the rule of Ramsay and Young, the ratio of the 
boiling-points in the vertical columns for any two substances must be 
wi 
qT, 
as is in fact strikingly shown in the last column. 

Other relations are found on comparing the boiling-point curves of 
two substances of unlike chemical composition, as, for example, 
mercury and water. In the following table are given some boiling- 
points, on the absolute scale, corresponding to the pressure p :— 


equal ; the quotient —* must therefore be almost constant for all cases, 


1 See also Diihring, Wied. Ann. 11. 163 (1880) ; 52. 556 (1894) ; and a criticism 
on Diihring’s rule by Kahlbaum and v. Wirkner, Ber. 2'7, 3366 (1894). 

2 Phil. Mag. [5], 20. 515; 21. 33, 185; 22. 32; and Zeitschr. phys. Chem. 
1, 249 (1887), and S. Young, Phil. Mag. [5], 84. 510 (1892) ; Groshans, Wied. Ann. 
6. 127 (1879). 

3 Wied. Ann. 12, 58 (1881). 


; 
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Ble 
p Hg. HO. Ratio. 
34°4 49515 | 3804°5 1°6262 
157°15 553°2 | 384:2 16553 
760°83 631°68 37303 1°6934 
2904°5 721°0 415°36 17359 


The ratio of any two boiling-points at equal pressures is here by 
no means constant, but increases with the temperature; but if the 
increase of this ratio is divided by the corresponding rise of the 
boiling-point of water, we find for the three intervals of the preceding 
table, 000098; 0:00098; 0:00100; i¢ the ratio of the absolute 
boiling-points corresponding to the same pressures increases linearly 
with the temperature. The absolute boiling-point T of mercury for any 
desired pressure can therefore be calculated from the absolute boiling- 


' point T, of water at the same pressure, from the equation 


T=1°6934T, + 0:00098(T, — 373); 
in this 1°6934 = wg 
Ty 
to one atmosphere. 


when T, = 373, and the vapour pressure is equal 


The Boiling-Point.—Vapour is constantly ascending from the 
surface of a liquid except when the partial pressure of the vapour is 
greater than, or equal to, the tension of the liquid; in the former 
case a reverse condensation takes place ; while only in the latter case 
can there be an equilibrium between vapour and liquid. Its surface 
is always acted upon by a pressure, which, according to Dalton’s 
law, is equal to the sum of the partial pressures of the vapour and of 
the other gases present. If the liquid is heated so high that its 
vapour pressure begins to overcome the external pressure, then vapour 
bubbles begin to form in its interior, and the phenomenon of boiling 
is observed. The lowest temperature at which a liquid can remain 
steadily boiling is called the boiling-point corresponding to that 
particular pressure. That corresponding to the normal pressure of 
760 mm. is called the normal boiling-point, or simply the boiling-point ; 
its experimental determination is so simple and so common that we 
may dispense with a thorough treatment of it, but attention should be 
called to some important corrections. 


Thus, it should be noticed that the boiling-point, measured at the 
prevailing atmospheric pressure, must be reduced to the normal pressure. 
The change dT, which the boiling-point experiences by a variation of the 
pressure amounting to dp, can be calculated theoretically from the formula 
of Clausius (p. 58) : 


dT = Mees Ds 
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but since the heat of evaporation | is as a rule unknown, it is proposed 
to introduce a method recently given by Crafts) which is based on the 
law of boiling-points found by Ramsay and Young (p. 62), namely, that 
the absolute boiling-points, corresponding to the same pressures, of two 
substances chemically related, stand im a constant relation. In the following 
table are given the changes of boiling-point, divided by the absolute 
boiling-point of the respective substances at normal pressure; the changes 
refer to a change in pressure of 1 mm. of mercury, calculated from the 
change of boiling-point which the substances experience in yarying the 
pressure from 720 to 740 mm. 


Water. : : - 07000100 | Carbon disulphide . - 07000129 
Ethyl] alcohol . : . 0°000096 | Ethylene bromide . - 97000118 
Propy] alcohol . : - 0°000096 | Benzene . : ; - 07000122 
Amyl alcohol . ; - 0°000101 | Chlor-benzene—. ‘ - 9°000122 
Methyl oxalate. : . 07000111 | m-Xylene. : 3 -- 0°000124 
Methyl salicylate. . 0°000125 | Brom-benzene . : - 07000123 
Phthalic acid Ste . 0°000119 | Oilofturpentine . - 07000131 
Phenol . - 0°000109 | Naphthalene . : - 07000121 
Aniline. : i - 0°000113 | Diphenyl-methane . - 0°000125 
Acetone . : : . 0°000117 | Brom-naphthalene . - 07000119 
Benzophenone . 2 . ©°000111 | Anthracene. - 0°000110 
Sulfobenzide . ; . 0°000104 pope el - 0°000110 


Anthraquinone : - 0°000115 ' Mercury . : - 07000122 


If the boiling-point of.a substance is determined at a pressure removed 
from the normal, it may be approximately corrected by the addition of the 
absolute temperature 273, and then selecting that substance most closely 
resembling it from the preceding list; the corresponding factor is multiplied 
by the absolute boiling temperature, by which is obtained the correction 
which must be applied to the observed variation per mm. from the normal 
pressure. 


The Critical Phenomena.—TIf a liquid is heated in contact with 
its saturated vapour, the density of the saturated vapour increases 
very quickly, since the vapour tension rises rapidly with the tempera- — 
ture. But the density of the liquid, which is expanding in conse- 
quence of the rise in temperature, is, conversely, continually diminish- 
ing. The question arises, does there exist a point at which the 
densities of the liquid and of the saturated vapour may be equal to 
each other? The study of this question led to the discovery of the 
critical phenomena, which have assumed great significance in our con- 
ceptions of the nature of the liquid state. 

As was discovered by Cagniard de la Tour,” and later thoroughly 
investigated by Andrews,? the following phenomena are observed 
when a gas is compressed, or a liquid heated in an enclosed vessel. _ 
If a gas, e.g. carbon dioxide, is compressed, then, at a suitably high 
pressure and low temperature, the contents, originally homogeneous, 

1 Ber. 20. 709 (1887). 


2 Ann. a phys. [2], 21. 121, 178; 2B. 411 (1821). 
° Trans. Roy. Soc.'159. 583 (1869). 
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‘separate into two parts with a dividing surface sharply defined ; or in 
other words, it is partially liquefied. The pressure at which this 
happens is, of course, the corresponding maximal pressure of the 
separated liquid, and it increases very considerably with the tempera- 
ture. The question arises whether liquefaction can occur at all 
temperatures if the pressure is high enough,—a question which has 
been decided in the negative by the work of the investigators just 
mentioned. Thus, for example, carbon dioxide is convertible into a 
liquid by the application of a pressure of 70 atmospheres below 30°9° ; 
but above that temperature the pressure can be increased at will, 
without the gas losing its homogeneity, and without liquefaction 
taking place. 

When, on the other hand, a glass tube filled with liquid and gaseous 
carbon dioxide is heated, evaporation takes place gradually because 
the vapour pressure of the liquid increases faster, with a rise of 
temperature, than the pressure of the gaseous part. But at 30°90", 
when the vapour pressure has reached 70 atmospheres, all the liquid 
evaporates, the meniscus which separated the liquid from the gas, and 
which had already begun to flatten out, vanishes at this temperature, 
and the contents of the tube are completely homogeneous. On cooling, 
a fog appears at the same temperature, and quickly gathers as a 
liquid in the lower part. 

These very important phenomena are called “critical.” That 
temperature, above which the liquid ceases to be capable of existence, 
is called the “critical temperature” (or the “absolute boiling-point ”) ; 
the vapour pressure of the liquid at this point is called the “ critical 
pressure,” and its specific volume the “critical volume.” These three 
magnitudes are the characteristic critical data for every simple liquid, 
and, as will be shown in Chapter II. of the second book, they are 
typical of the entire relations between gases and liquids. 

The critical phenomena make it possible to change a liquid into a 
gas im one continuous process, i.e. without its losing its homogeneity, 
by partial evaporation during the process, and the reverse. The liquid 
is heated above its critical temperature, care being taken to keep the 
external pressure always greater than the vapour pressure, and finally 
greater than the critical pressure; if the volume is then allowed to 
increase, the originally liquid mass remains homogeneous, however much 
it is diluted ; it has been converted continuously into the gaseous 
state. In order to convert a gas continuously into a liquid, its 
temperature must be raised above the critical point, while the pressure 
is kept below that required for condensation ; then it must be com- 
pressed above its critical pressure, and cooled below its critical tempera- 
ture, the external pressure being always kept greater than the 
corresponding maximal pressure of the liquid ; if now the volume is 
increased, the originally gaseous mass loses its homogeneity, gives off 
vapour, ‘and is to be regarded as a liquid. 
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The term “absolute boiling-point ” was proposed by Mendelejeff ; + 
but since we ordinarily understand that to be the boiling-point of a — 
liquid reckoned from — 273°, it might lead to confusion, and therefore 
the expression “critical temperature ” is preferable, and particularly so — 
as it is now universally accepted. 

The results of the measurement of critical data, for which we are 
indebted to Cagniard, Andrews, Pawlewski, Dewar, and others, and 
recently to Ramsay and Young especially, are given very fully in 
Landolt-Bérnstein’s tables. I will only mention here a simple lecture 
experiment, which I consider very instructive for the demonstration of 
critical phenomena. A small glass tube with thick walls, partially 
filled with liquid sulphur dioxide, is placed in a larger test-tube which 
contains paraffin. If this is heated from the side in an inclined position, 
with a Bunsen burner, so that the upper part of the inner little tube 
is heated above the critical temperature of sulphur dioxide (155-4°), 
while the lower part, surrounded by unmelted paraffin, remains con- 
siderably cooler, then the meniscus vanishes. Under these conditions 
we have without doubt gaseous sulphur dioxide in the upper part of 
the little inner tube, and liquid in the lower part, yet one sees nowhere a 
parting surface. Thus this shows how liquid and gas can pass into 
each other continuously, in the circuit over the critical point. When 
carrying out this experiment, it is wise to protect oneself from the 
danger of an explosion, by a thick plate of glass. 


If the liquid is not quite pure the vapour will in general have a some- 
what different composition, and as owing to slowness of diffusion the state 
of equilibrium is only very gradually reached, the meniscus will disappear on 
heating at a different temperature to that at which it appears on cooling, 
unless the operations are very carefully conducted. Some investigators, in 
recent times, have been so deceived by this that they doubted the existence 
of a well-defined critical point. The careful experiments of Ramsay,? 
Young,’ and Villard + have, however, put this beyond question. 


1 Lieb. Ann. 119. 1 (1861). 
2 Zeitschr. phys. Chem. 14. 486 (1894). 3 Trans. Chem. Soc., 1897, p. 446. 
> ? Pp 
4 Ann. chim. phys. [7], 10. 387 (1897). 


CHAPTER Iil 
THE SOLID STATE OF AGGREGATION + 


General Properties of Solid Bodies.—If we condense a substance 
occurring in the gaseous state, at a sufficiently low temperature,—z.e. 
| below its fusing-point,—or if we cool a liquid substance to its solidify- 
| ing-point,—then the matter appears in the solid state. This, in common 
with the liquid, and in contrast to the gaseous state, has the property, 
that a change of volume by a pressure from all sides is resisted by an 
| extraordinarily great force. But it is characteristic of the solid state 
| alone, that a change of form without compression is resisted by the so- 
§ called elastic forces. Work, which appears again as heat, must be 
expended indeed in a change of form of gases and liquids, in conse- 
§ quence of their internal friction. But in the case of solids, it happens 
| that a relative distortion (not too great) of the particles places the 
| system in a state of tension which corresponds to a considerable amount 
_ of potential energy. When the action of the deforming force ceases, 
| then the body resumes again its original form. 


Melting-Point and Pressure.—In the same way that at a given 
' temperature a substance can coexist in both the liquid and gaseous 
| states, only at a certain definite external pressure, so a solid substance 
' can exist in equilibrium with its molten product, only at very definitely 
related values of pressure and temperature. We find the quantitative 
distinction, that while the boiling-point varies very much with the 
_ external pressure, the melting-point varies very little; so that for 
practical purposes the variation can ay be disregarded, and for 
2 long time it was not observed. 
| This was established by William ean in 1850 for water, after 
| James Thomson had previously predicted it theoretically. The process 
of melting can be treated thermodynamically, similarly to that of 
vaporisation. 
; The maximal work to be obtained by the fusion of 1 g. of a solid 
substance, is of course equal to the product of the increase of volume 
1 Jn the preparation of the crystallographic part of this chapter I have enjoyed 
the valuable co-operation of Dr. Pockels, 
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V — V’ (when V is the specific volume of the liquid, and V’ that of the 
solid substance), and the pressure p, at which both states are in 
equilibrium ; then will 


=p(V-V’), and dA=dp(V-V). 
The diminution of total energy U is equal to the work performed 
A, minus the heat absorbed r, the so-called heat of fusion, #.¢. 
U=p(V -V’)-r, 
the change of which with the temperature (p. 9), neglecting the 
insignificant external work, is 
av _ar 
Val at 
when ¢’ and ec” denote respectively the specific heats of the substance 
in the liquid and solid states. The specific heat of ice is 0°5 ; that of 
water 1:00; therefore the heat of fusion of ice increases per degree of 
rise in temperature, by an amount equal to 1:00 -0°5=0°5 g.-cal. 
The equation, 


7 “ut 


=. = 


dA 
A=Ue= Tat 
in this case assumes the form, 
piv -V’)+r-—p(V-V’)=T(V - vie 
or : 
r=TYV-V at re 


as is also given by the direct application of the equation on p. 24 ; 
when transformed the equation becomes : 
GT OE Ve VE), 
odp r 
An increase of pressure corresponds to a positive value of dT, i.e. 
a rise of the melting-point, if V — V’ is positive, ze. when the change 
to the liquid state is accompanied by an increase of volume; on the 
other hand, it corresponds to a fall of the melting-point when the 
body contracts in melting, as is the case with ice. 
Carrying out the calculation for water, at T= 273°; V=0°001 ; 


and V’=0:001091 litre; the heat of fusion r= 79:3 cal., then the 
work is equal to 


Lo A . 


r= Br19 litre-atmospheres, 
and therefore 
dT ae 
a = —0:0076°, 


z.é. an increase of an atmosphere in the external pressure corresponds 


|. melting-point corresponding toa definite 


t 
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to a lowering of the melting-point of water, of about 0°0076°. 
William Thomson (1851) showed that, as a matter of fact, by raising 


| the external pressure about 81 and 16°8 atmospheres, the temperature 
_ of melting ice sank from 0° to —0:059° and —0°129° respectively, 


while these calculated from the formula given above, should be 


I _-—0°061° and — 0:127° respectively. 


On the other hand, that the melting-point is raised by applying 
external pressure, in the case of substances which melt with increase 
of volume, was first shown by Bunsen (1857) for spermaceti and 


paraffin, Recently Batellit and Demerliac? has found Thomson’s 
| formula to be well established for a number of organic compounds. 
‘Further, L. E. O. de Visser* has succeeded in measuring with great 
accuracy the change in melting-point with 
_ the pressure, for acetic acid; since he did 


not, as was done before, determine the 


pressure, but the pressure corresponding 
to a definite temperature. The simple / 
apparatus used by de Visser, and which 
he named a Manocryometer, consisted of 
a large inverted thick-walled thermo- 
meter, its capillary tube being bent up- 
wards, and then horizontally (Fig. 3). 
According to the temperature of the 
surrounding bath, it would assume that pressure at which the substance 
in A, partly liquid, partly solid, would find itself in equilibrium; the 
capillary tube filled with mercury served as a closed manometer with 


| which to measure this pressure. The direct measurements of de 


Visser showed that 
| aT _0-02435°. 
dp 

The heat of fusion was found to be 46°42 g.-cal., the fusing-point 
T, 273°+16°6 =289°6°,‘ and the increase of volume V-V’= 
0:0001595 litre, whence 


the agreement is excellent. ; 
_ + Recently the effect of pressure has been studied over a very wide 
range by G. Tammann.* The curve of fusion for benzene was traced 


_ to pressures of more than 3000 atms. ; the heat of fusion was deter- 


mined directly and shown to be constant within the experimental 


- error of 1% between 1 and 1200-atms. The volume change V — V’ 
‘ ' 


1 Atti del R. Ist. Ven. [3], 8. (1886). 2 Compt. rend. 124. 75 (1897). 
3 Dissertation, Utrecht, 1892; ref. Zeitschr. physik. Chem. 9. 767 (1892). 
* 4 "Ann. d. Phys. 3. 161 (1900). 
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was also measured as a function of pressure along the curve of fusion. 
The following table gives the results ; the pressure p is in kg/sq. cm. ; 
V-—V’ in cc. per gram of substance :— 


t. p. V-V'. rs 

5°43 1 0°1307 29°2 
10°12 161 0°1272 30°0 
20°13 | 533 01118 29°6 
29°59 925 0°1053 30°9 
42°06 1455 0°0919 30°6 
55°02 2040 0°0770 29°0 
66°00 2620 0:0738 30°6 
76°96 3250 0°0693 31°8 


To calculate r from the foregoing formula the empirical equation 
p = 84°4(T — 5°48) + 0°150(T - 5°43)? 


was obtained from the observations, - deduced and then r calculated 


for the different temperatures. The heat of fusion appeared constant, 
in harmony with the result of direct measurement ; the mean calculated 
value was 30:0, the mean of the calorimetric observations 30:4. 

The fact that V—V’ falls off rapidly while r remains constant 
seems to be general, and indicates that the two quantities do not 
vanish at the same point. 


The Vapour Pressure of Solid Substances.—As in the case of 
liquids, so also for every solid substance, at a given temperature, there 
is a correspondingly definite vapour pressure, although, indeed, in most 
cases it is so extraordinarily small as to escape a direct measurement. 
The vaporisation of a solid substance is called sublimation. Sublimation, 
like evaporation, takes place gradually from a solid substance in con- 
tact with the free atmosphere under all conditions, but it is especially — 
rapid if the sublimation pressure exceeds that of the atmosphere. If 
this point, comparable with the boiling-point of the liquid substance, 
lies below the melting-point, then when the substance is heated in the 
open air it will sublime without melting. It is only by heating the 
substance in a closed vessel that it is possible to heat the substance 
to the melting-point, and thus to accomplish its liquefaction. But | 
ordinarily the sublimation pressure of solid substances at the melting- 
point is much smaller than the atmospheric pressure. : 

The “heat of sublimation,” i.e. the quantity of heat absorbed in the © 
vaporisation of 1 g. of the solid substance, can be calculated from the 


P d 
change of vapour pressure with the temperature ae and from the | 


specific volumes V and V’ of the vapour and substance respectively, in 
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the same way that was used for the calculation of the heat of vaporisa- 
tion (p. 58), since the considerations there advanced hold good whether 
a solid or a liquid substance is evaporated ; accordingly 


On account of the smallness of the vapour pressure of the solid sub- 
stance, V’ can be neglected in comparison with V. 

At the melting-point, the heat of sublimation is equal to the heat 
of fusion + the heat of vaporisation of the melted substance, 2.¢. 


sartl=Tiby; 


and further for the vaporisation, the following equation holds good :— 


dP 
la qt 
if by P we denote the vapour pressure of the liquid substance in the 


neighbourhood of the melting-point. Subtracting these two equations 


we get 
2 dp =) 
ie TV(sp dT/" 

The expression in brackets obviously depends on the angle which the 
pressure curves of the substance in the solid and the liquid states 
make with each other at the melting-point. But now the vapour 
pressures of the two states must 

be equal at the melting-point, be- he 
cause it is the point at which the 
solid and liquid states of the sub- 
stance are in equilibrium with 
each other. Otherwise there 
would occur an isothermal distil- 
lation process which would cease 
only with the disappearance of 
that state with the greater vapour 
pressure, 7.¢. the two states of 
aggregation would not be in equilibrium. Therefore the pressure 
curves inéersect at the melting-point, as is shown in Fig. 4. The 
dotted line is the pressure curve of the wnder-cooled liquid substance, 
and is the continuation of the pressure curve of the liquid. Probably 
the two curves would intersect asymptotically at abs. zero,' if one 
could under-cool a liquid so far. The preceding formula, which was 
developed by W. Thomson (1851), and also again independently by 
Kirchhoff (1858), was) later experimentally proved by Ramsay and 


To I” 


Fig. 4, 


1 There is no evidence in favour of the view, often expressed, that there is a tempera- 
ture below which solids and liquids do not evaporate at all. 


it 
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Young (1884) for benzene, and by W. Fischer (1886) for water; also 
recently by Ferche (1891) for benzene. 


From the latter’s measurements! are taken the following numbers, In 
accordance with theory, the pressure of solid and liquid benzene at the 
melting-point (5°6°) had the same value (35°5 mm. Hg.). Measurement gave 


ay ot odo aweneauee 
CUR ie a "i ‘ 


On the other hand, this value can be calculated from the formula given 


‘ 30:18 _. 
above. The heat of fusion r was found to be 30:18 cal. = 5799 litre- 


atmospheres. 
Further, according to the laws of gases 


0:0821(278 + 5°6)?. 760 
7 35°5.78 


(78 =molecular weight of benzene). 


Hence 
dp dP 30:18. 35:5. 78 
aT” dT = 9419073 4563. 00821 (reduced to mm. Hg.) 
=0:543 


a result in satisfactory accord with experiment. 


The, Crystallised State.—Most solid substances separate by 
condensation from the. gaseous state, or by congealing from a state 
of fusion, or by precipitation from solutions, in regular polyhedral 
forms, in case unfavourable circumstances do not interfere with their 
normal formation, i.¢. they crystallise. All the physical properties 
have the closest connection with the external form; both the external 
form and the physical properties are conditioned by the structure of 
the particular body. Thus a crystal can be defined as a homogeneous 
body, in which the different physical properties conduct themselves differently, 
in the different directions radiating from one of its points. 

The proviso of homogeneity, which is always tacitly assumed in the 
following sketch, declares that the physical properties depend only on 
the direction, not on any particular portion, of the crystal, and accordingly 
they are the same for all parallel directions. Only in a few cases are 
physical properties different in parallel, but opposite, directions. It is 
well to notice that this definition of a crystal does not consider the 
geometrical form of the limiting surface; this latter is the most 
obvious external sign of the crystallised condition, but it occurs only 
when the formation is undisturbed. ‘ 

Crystallised (anisotropic) bodies are contrasted with the amorphous 
(isotropic), in whick all directions are alike respecting the physical 
properties. Amorphous bodies are probably, as a rule, in a more or 
less unstable condition. (See the final paragraph of this chapter.) 


1 Wied. Ann. 44, 265 (1891). 
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If two or more directions radiating from one point of a crystal are 
equivalent, we say that the crystal possesses symmetry. The symmetry 
of a crystal, as regards the different physical properties, varies accord- 


- ing to the nature of the physical process considered. Experience has 


shown that the lowest grade of symmetry is always shown in the 
processes of growth and disintegration of crystals, especially in the 
external polyhedral form attending undisturbed growth. Therefore 
the latter, which lends itself easily to observation, is especially suited 
for the characterisation and classification of crystals. We will consider 
next, on this basis, the laws which regulate the forms of crystals. 


The Fundamentals of Geometrical Crystallography.—As is 
known, normally-formed crystals are bounded by flat planes, which 
make convex polyhedra (i.e. such polyhedra as are cut by any straight 
line in only two points at most). It follows from the definition of a 
erystal as a homogeneous body, that planes having the same direction 


. are equivalent. It must be noticed that in a plane the two sides are 


to be distinguished, and therefore two planes of the bounding surface 
can be similarly directed only when the direction of their external 
normals are coincident. Therefore it must always be borne in mind 
that, in studying the form of a crystal, the bounding planes can 
always be imagined to be moved at will parallel with themselves. 

The first fundamental Jaw of geometrical crystallography is the 
“Taw of the constancy of interfacial angles” (discovered by Steno in 
1669); this declares that the inclination of two definite crystal planes to 
each other, for the same substance, and measured at the same temperature, is 
constant, and independent of the size and development of the planes. 

The abundant data obtained in crystal measurement by means of 
the reflection goniometer, have taught us that this law has only an 
approximate value, for not infrequently on good crystals of the same 
chemically pure substance, which have apparently formed under the 
same conditions, and even on the same crystal, the corresponding 
angle is liable to variations of over 0°5°. 

By the term “zone” is understood a set of planes which intersect 
with parallel edges; the common direction of the latter is called the 
“zonal axis.” A zone is fixed by any two of its planes. Conversely, 
if it is known that a crystal plane lies in two known zones, it is . 
completely determined, for it is parallel to the two zonal axes, viz. 
two straight lines, which intersect. Experience has led to the follow- 


ing law, formulated. by F. E. Neumann (1826), which is called the 


“law” of zones,’ and which is the characteristic fundamental law of 
crystallography: all planes which can occur on a crystal are related to each 
other im zones; or, in other words: from any four planes, no three of 


which lie in one zone, ay possible crystal planes can be derived by means 


of zones. 
According to this there might be an unlimited number of bounding 


t 


i 
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planes on a crystal; but by no means can every arbitrary geometrical © 


plane be a face of a crystal. We must mention two other forms of 


the law which will make this point clearer. It must be considered — 
that the law of zones insists on the zone relation only for all possible — 
crystal faces. The planes then actually occurring on a single crystal — 


need not necessarily stand in complete zone relation to each other. 


In order to state properly, z.e. by numbers, the position of a face © 


of a crystal, it can be compared with any system of co-ordinates fixed 


relatively to the crystal. It is usual to select as the co-ordinate — 


planes (on grounds to be explained below), any three crystal faces not 
lying in the same zone (such faces, for example, as are remarkable for 
their prevailing occurrence, or as cleavage planes), and to correspond 
to the co-ordinate axes, three crystal edges, viz. the lines of inter- 
section of the three planes, OX, OY, and OZ in Fig. 5. In general 
this system of co-ordinates will be oblique angled. Then the position 
of any given fourth crystal plane (K,, E,, E,), is determined by the 
length of the intersections 
OE,, OE,, and OE,, which it. 
makes on the co-ordinate 
axes; if a, b, and ¢ respec- 
tively are these lengths, the 
equation of the plane is 


*, 2222 only the 


ads vbuee 
direction of the face is in ques- 
tion, we are only concerned 
with the ratios of a:b:¢, 
which remain constant if the 
plane is moved parallel to 
itself. Usually one selects as 


“a, b, and ¢, of any face (the 
unit plane), which does not 
lie in the same zone with 
two of the co-ordinate planes 
(fundamental planes); and 
by means of these units, the 

Fig. 5. intersections of all other faces 

are expressed. These “axis 

units” a, b, and ¢, are usually unequal, and stand in irrational 
proportions to each other. Now if ma, nb, and pe are the axial 

intersections (parameters) of any fifth face of a erystal (H,, H,, H,, 

Fig. 5), the three numbers h, k, 1, which are proportional to 4/m, 4/n, 4/ p, 

respectively, are called the indices of this latter plane, and so, after 

establishing the fundamental planes and the unit planes, the direction 
of any other will be determined by the ratios of these three numbers 


, 


units, the axial intersections — 
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h, k, 1. Now it can be easily shown that the law of zones leads to 
the conclusion that the ratios of the indices of all possible bounding planes 
occurring on a crystal are rational numbers. This law of the rationality of 
indices, the principle of which was first advanced by Hauy in 1781, of 
course holds good for any arbitrary choice of fundamental planes and 
unit planes, provided that these are crystal faces. The arbitrary 
common factor to h, k, 1 is so chosen that h, k, 1 shall be the smallest 
possible whole numbers ; in the case of a plane which is parallel to one 
or two co-ordinate axes, one or two indices respectively will be equal 
to zero. It is to be observed that the indices are, in almost all cases, 
the lowest whole numbers (usually 0, 1, 2, 3, 4, ete.), and from this the 
law of the rationality of indices derives its significance ; for if they 
were indeed irrational, one could always express the indices in 
sufficiently large whole numbers with an accuracy corresponding to 
that of the angle measurements. 

The calculations of the indices from the angle measurements usually 
give at first irrational proportions. But according to the preceding 
empirical law, one is seldom left in doubt as to which whole numbers 
are to be regarded as the true indices; for those whole numbers are 
selected whose ratios are nearest to the irrational values. In general, 
for the determination of the indices of a face, it is necessary to measure 
two angles (see the paragraph on “The Determination of Crystal 
Symmetry,” p. 90); but if one zone is known in which the plane lies, 
then the measurement of only one angle is necessary ; and if two zones 
are known in which the plane lies, then the indices are fully given 
without the measurement of any angle. 

Since this last case occurs very frequently in the determination of 
crystals, the course to be pursued will be explained more fully. For 
this purpose we must first consider the method of determining the 
direction of the edges. From any four crystal edges (three fundamental 
edges and one unit edge), all other possible ones can be developed, in 
accordance with the law of zones, by finding out successively the lines 
of intersection of the planes which connect two zones already known. 
Now if a, 8, y are the co-ordinates of a point of the unit edge, referred 
to the fundamental edges, and if a€, By, and y¢ are the co-ordinates 
of a point of any fifth crystal edge, then it follows from the preceding 
law that the ratios £:y:¢are rational. We call &, , ¢ the indices of 
the edge or zone, and designate this latter by the symbol [€, », ¢]. 
Now if we select for the fundamental edges the intersection lines of 
the fundamental planes, and for the unit edge the resultant from the 
axial units a, b, ¢, so that a:8:y=a:b:c, then to express the 
_ relation that a plane h, k, 1 passes through an edge [€, », ¢], or lies in 
a zone [§, », ¢], we base the equation 


hé + kn + 1¢=0. 


, It is evident from this how the indices of a plane lying in two 


w 
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given zones, or how those of the intersection edge of two given planes, 
can be calculated from the solution of-two linear equations, and also at 
the same time how the law of the rationality of indices follows from 
the law of zones. 

A third method of expressing the fundamental law of crystallo- 
graphy, due to Gauss (1831), is the law of the rationality of compound 
ratios ; this declares that between four crystal planes lying in one zone, 
or between four crystal edges lying in one plane, there exists such a 
connection that their compound ratio is rational. By the compound 
ratio of four such straight lines or planes a, £, y, 6, is meant the 
following quotients of the sines of their included angles, viz.— 

sin (a. y)_ sin (a. 8) 

sin (B.y)° sin (6.8) 
That this quotient must be rational for the planes and edges of a 
crystal, is easily shown by the fundamental principles of projective 
geometry according to the law of zones, or according to that of the 
rationality of indices. In consequence of this relation, if we know 
three planes in a zone, or three edges in a plane, then all the planes 
or edges possible for the crystal, lying in this zone or plane, are 
completely determined. Since the compound ratio of four planes 
lying in a zone can be expressed by their indices, we obtain formulae 
which are of fundamental importance for the calculation of erystals, 
since they give the solution of the two following problems :—1. If we 
know the indices of four planes of a zone, and also two of the six 
angles between these planes, to calculate the other four angles; 2. If 
we know the angles between four planes of a zone, and the indices of 
three of them, to find the indices of the fourth plane.? 

In order to describe the geometrical form of a crystal it is clear 
from the preceding statements that one must specify as follows :— 
1. The three angles between the fundamental edges or between the 
fundamental planes; 2. The relative lengths of the units of the axes ; 
3. The indices of the planes (or edges) occurring on the crystal. The 
quantities given under 1 and 2, which are the so-called axial units or 
the geometrical constants of the crystal, are, in general, characteristic 
for the crystallised substance in question (compare the last sections in 
this chapter, p. 80 ff.). The choice of these, as already observed, is to 
a certain extent arbitrary. At the same time, we must consider not 
only the fundamental law of crystallography, but also the relations of 
the crystal regarding its symmetry (see below). 

As Hauy first observed, in its limitation the symmetry of crystals 
holds good to the extent that the differently directed planes on a 
well-developed crystal, which are regularly related to each other, are 
always of equal value and physical behaviour (as shown by the glance, 


striation, etc.). The relations of symmetry can be established much 


1 Compare Th. Liebisch, Geometrische Krystallographie, chap. iv., Leipzig, 1881. 
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more certainly by angle measurements; for the angles between two 
pairs of equivalent planes must of course be identical. If the sym- 
metry were clearly expressed in the external form of the crystal poly- 
hedron, we must suppose all equivalent planes to be moved parallel, 
each with itself, till they are all at the same distance from a fixed 
_ point in the interior of the crystal. This ideal geometrical shaping, 
which oceurs in nature only in very favourable cases, must always be 
presupposed in the study of the symmetry of a crystal polyhedron. 
Let it be noticed here for subsequent use, that the related set of 
equivalent faces is called a crystal form in distinction from a com- 
bination, which latter is a crystal polyhedron made up of dissimilar 
planes. It is not necessary for a simple crystal form to be a closed 
polyhedron; but it can consist merely, for example, of a pair of 
parallel planes, or even of one single plane. 


The Classification of Crystals according to Symmetry.— We 
now turn to the more detailed study of the properties of the symmetry 
that a crystal polyhedron can have. 

Symmetry can be determined by the occurrence of the three 
following kinds of elements of symmetry: 1. A centre of symmetry ; 2. 
One or more axes of symmetry; 3. One or more planes of symmetry. 
These symmetral elements have the following meaning in crystal 
structure and geometrical form. 

A Centre of Symmetry occurs when every two opposite directions 
are equivalent. In that case the crystal polyhedron is bounded by 
pairs of parallel planes which, in ideal construction, are at an equal 
distance from a fixed [interior] point. 

An Axis of Symmetry is such, that by a rotation through a certain 
fraction of 360° about this axis, every direction is transferred to an 
equivalent one, and the crystal polyhedron again coincides with itself. 


If : - 360° is the smallest angle of rotation needed, then the axis is 


described as n-fold. According as its two opposite directions are 
congruent or not, this axis is said to be “two-sided” [bi-lateral], or 
“one-sided” [hemimorphic]. Three sorts of “ one-sided” [hemimorphic] 
axes are to be distinguished according as the groups of faces lying 
about their ends are enantiomorphic directly, or only after a rotation, 
or as they are wholly different ; in the latter case, the axis of symmetry 
is styled “polar.” -From the fundamental laws of crystallography it 
follows also, among other deductions, that an axis of symmetry is 
always a possible crystal edge, and the plane normal to it a possible 
erystal face; and further, that only 2-, 3-, 4-, and 6-fold axes are 
possible. ; 

A Plane of symmetry is one in reference to which the two equivalent 
directions lie, like an object and its reflected image, and by this plane 
the crystal polyhedron is divided into two equal halves resembling 
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each other as object and image. A plane of symmetry must obviously 
always be parallel to some possible crystal face. 

When several of the symmetral elements occur in certain com- 
binations with each other, then the occurrence of certain other sym- 
metral elements is conditioned thereby. Those symmetral elements 
which condition the others are styled “generative.” An important 
example of this is the law, that a centre of symmetry, a plane of 
symmetry, and an even-fold axis of symmetry normal to the latter, 
constitute a. set of elements such, that any two condition the third 
absolutely. 

Simple forms which cannot be brought into coincidence with their 
reflected image, and which therefore possess neither a centre of 
symmetry nor a plane of symmetry, are said, after Marbach, to be 
“turned back on themselves.” Such a crystal form and its reflected 
image are styled enantiomorphic (Naumann), and are distinguished as 
right and left forms. 

As such forms are of considerable theoretical interest in stereo- 


Fig. 6. 


chemistry, drawings are here given of two enantiomorphically similar, 
but not congruent quartz crystals.+ 

From the different possible combinations of the generative sym- 
metral elements, there comes about the division of crystallised substances 
into thirty-two groups,’ which will be considered below. Of these groups, 
each of which is characterised by special symmetral elements, those 
are included in one crystal system which can be referred to the same 
system of crystallographic axes. By a system of crystallographic axes is 
meant such a system of co-ordinate axes as shall, on the one hand, 
satisfy the law of the rationality of indices, z.c. such axes as are 

1 From Bodlander, Lehrbuch d. Chemie, p. 427, Stuttgart, 1896. 

2 This was developed by J. F, C. Hessel, 1830; A. Bravais, 1850; A. Gadolin, 
1867 ; P. Curie, 1884; B. Minnegerode, 1886; a thorough presentation is given in 
Th. Liebisch’s Physikalische Krystallographie, pp. 3-50, Leipzig, 1891; also in the 
work of A. Schoenfliess, Krystallsysteme und Krystallstruktur, Leipzig, 1891. [For a 
brief but clear presentation of this somewhat difficult subject, see chapter ix., 


‘‘Deduction of all Theoretically Possible Classes of Crystal Forms” in Elements of 
Orystallography, 8rd edit., by G. H. Williams, New York (1892).—Tr, ] 
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parallel to possible crystal edges; and, on the other hand, such as 


| express the symmetral behaviour of the crystal, in that this crystal 
| is always brought to coincide with itself by all those operations which 


transfer a direction over to an equivalent one. In reference to such 


| a system of axes, all equivalent faces receive indices which differ from 
' each other only in their order of succession and their sign. Therefore 
| one can concisely designate a simple crystal form, by a statement of the 
| indices of any one of its planes (such indices are enclosed in round 
' brackets to distinguish them from the symbols of particular faces), 
| (For the numerous other symbols of crystal forms, which have been 
| introduced, see the text-books of Crystallography.) 


Before we proceed to the enumeration of the thirty-two groups, and of 


| the crystal forms belonging to each, we must call to mind certain geometrical 


relations which exist between the simple forms of the groups belonging 
to the same system. The symmetral elements of the groups of lower 


-symmetry of every system, form a part of the symmetral elements of the 


groups of highest symmetry of the same system; hence from the simple 
forms of the latter groups (holohedral), we can geometrically derive all the 
other groups by causing one-half, or three-fourths, or seven-eighths of the 
planes of the holohedral forms to disappear, according to well-defined laws. 
The forms so obtained are called respectively hemthedral, tetartohedral, 


| ogdohedral, and those which have one polar axis of symmetry hemimorphic. 
/ It must be noticed that not all the simple forms of the hemihedral and 
) tetartohedral groups are geometrically different from the corresponding 
| holohedral forms; thus, for example, the hexahedron [cube] and the 
' dodecahedron appear in all the groups of the regular system. But the 
| lower symmetry of such crystals can always be recognised by their physical 


behaviour, and especially by the position and shape of the etched figures 


| on their faces. The notation of the hemihedral forms is accomplished by 


prefixing certain Greek letters, as (x, 7, y, 7, p), before the symbols of the 
holohedral forms from which they are derivable ; in the case of tetartohedral 
forms, two such letters are prefixed, since these forms can be developed by 
the combined application of two sorts of hemihedrism. The correlated 
complementary forms of the hemihedral and tetartohedral groups respec- 
tively, corresponding to the holohedral forms, which are always physically 
different, but only geometrically different when they are enantiomorphic, 
receive symbols, which differ only by sign or position of the indices. In the 
accompanying abstract of the thirty-two groups, the following abbreviated 


1 symbols will be used for the symmetral elements : 


C, for a centre of symmetry ; 

for m equivalent, n-fold, two-sided axes of symmetry, mL, (in which the 
opposite directions are both counted, so that m at least j is equal to 2) ; 

for m equivalent, one-sided axes, and their opposites, mL, and ml,, 
mL,* and ml,*, and mL, and ml, respectively, accordingly as they 
are “one-sided of the \first variety, or of the second variety, or polar ; 
and, finally, 

for a fpintio of symmetry which is normal to no axis of symmetry, P; 
and for one which is normal to an n-fold axis, P,,. 


) 
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Unequal axes of symmetry or planes of symmetry of the same sort will 
be distinguished by accents. Of the simple crystal forms of the groups 
of lower symmetry, only those will be mentioned which differ geometrically 
from the corresponding holohedral forms. Further, the forms of the 
hemimorphie groups will not be especially mentioned, since it is clear that 
they can be derived from the holohedral forms by allowing the planes 
grouped about one end of the polar axis to disappear. Those groups of 
which no examples are known, will be given in brackets without stating the 
forms; in the other cases.there will be instanced a number of the most 
important minerals and artificially-prepared substances belonging to them. 


I. Regular System 


Crystallographic system of axes; three equal axes at right angles to 
each other (parallel to the edges of the hexahedron [or cube]. 

1. Holohedrism. C; 6L,, 8L,, 12L,; 3P,, 6P, 

Hexakis-octahedron (hkl) h>k>1; triakis-octahedron (hhl); icosi- 
tetrahedron (hll); tetrakis-hexahedron (hk0); octahedron (111); rhombic- 
dodecahedron (110); hexahedron (100). 

Examples: P, Si, Fe, Pb, Cu, Ag, Hg, Au, Pt; PbS, Ag.S; ‘As,0,, 
Sb,O,; NaCl, AgCl, AgBr, CaF,, K,PtCl,; Fe,0,; MgAl,O,, and the other 
spinels: garnet, analcite, perofskite, sodalite, etc, 

2, Tetrahedral Hemihedrism, 6L,, 4L,, Al, ; 6P. 

Hexakis-tetrahedron, x(hkl); deltoid-dodecahedron, «(hhl);  triakis- 
tetrahedron, x (hll); tetrahedron, x(111). 

Examples: Diamond; ZnS as zine-blende; tetrahedrite; boracite ; 
helvite. 

3. Plagiohedral Hemihedrism. 6L,, 8L,, 12L,. 

Pentagonal ikosa-tetrahedron, y(hkl). 

Examples: Cu,O; KCl, (NH,)Cl. 

4. Pentagonal Hemihedrism. C; 6L,, 4L,*, 41,*; 3P,. 

Dyakis-dodecahedron, 7(hkl) ; pentagonal dodecahedron r(hk0). 

Examples; FeS, (as iron pyrites), CoAs,, etc.; SnI,; the Alums. 

5 Tetartohedrism. 6L,, 4L,, 4]q 

Tetrahedral pentagonal dodecahedron, x7(hkl) ; the other forms as in 2, 
excepting (hk0), which appears as the pentagonal dodecahedra. 

Examples: NaClO,, NaBrO,, Ba(NQ,),, Sr(NO,),  Pb(NOs)o ; 
Na,SbS, + 9H,O ; NaUO,(C,H,0,),. 


II. Hexagonal System 


System of crystallographic axes; one principal [vertical] axis, and three 

others [lateral] normal to it: these are equal to each other, and intersect 

each other at an angle of 120°. Each plane has four indices, i, h, k, 1, 

three of which, referring to the lateral axes, are related thus —i+h+k=0. 
6. Holohedrism. C; 21, 6L,,'6L, ;°P,, 3P,, 3P,. 

_ Dihexagonal pyramids (ihkl), i>h, —k=k=i+h; hexagonal pyra- 

mids, Ist order (i0il), and 2nd order (ii.2i1); dihexagonal prisms (ihk0) ; 
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hexagonal prism, Ist order (1010), and 2nd order (1120); basal plane 
(0001). 
. Examples: Beryl, Milarite. 

7. Hemimorphic Hemihedrism. ie (Ae Sie eel 

Examples: ZnO; ZnS (as Wurtzite), CdS (Greenockite) ; Agl,. 

8. Trapezohedral Hemihedrism. 21,, 6L,, 6L,’. 

Examples: d. lead antimony] tartrate+ KNO,; d. barium-antimonyl 
tartrate + KNO,. 

9. Pyramidal Hemihedrism. C; L,, 1,; P,. 

Hexagonal pyramids, 3rd order, w(ihkl); hexagonal prisms, 3rd order, 
m(ihk0). 

Examples: Ca,Cl(PO,),, Pb,Cl(PO,),, Pb,Cl(AsO,),, Pb;Cl(Vd0,).. 

10. First Hemimorphic Tetartohedrism. L,, 1, 

Examples: Nephelin KLiSO,; d‘Sr(SbO),(C,H,0,), and d:Pb(SbO), 
(C,H,0,)o- is 

He. Sphenoidal Hemihedrism. 2L,, 3L,, 31,; P., 3P.] 

12, Sphenoidal Tetartohedrism. L,, 1,; P., | 

13. Rhombohedral Hemihedrism. C; 2L,, 3L,, 31,; 3P,. 

Skalenohedron, p(ihkl), rhombohedron, p(i0il). 

Examples, ie, As, «9b, Bi, Mg, Pd, Os; H,O, Al,O,, Fe,0,, 
Cr,0,, Mg(OH),; NaNO,, CaCO, (as calcite), MgCO,, FeCO,, ZnCO,, 
MnCO, ; eudialite, chabazite, etc. 

14, Second Hemimorphic Tetartohedrism (Hemimorphism of Group 
i) “Dada oP. 

Examples; KBrO,, Ag,Sb,S, and Ag,As,S, (ruby silver), tourmaline ; 
NaLiSO, ; tolyl-phenyl-ketone, C,,H,,0. Mega 

15. Trapezohedral Tetartohedrism. 2L,, 3L,; 31,. 

Trigonal trapezohedron, pr(ihkl); rhombohedron (1st variety), pr(i0il) ; 
trigonal pyramids, pr(i.i.2i.l); ditrigonal prisms, pr(ihk0), trigonal prisms 
p7(1120), 

Examples: SiO, (as quartz); HgS; K,S,0,, PbS,O,+4H,O, SrS,0, 
+4H,0, CaS,0,+ 4H,0; benzil C,,H,,0,, matico-stearoptene, C,,H,,0. 

16. Rhombohedral Tetartohedrism. C; L,*, 1,*. 

Rhombohedron, 3rd order, pr(ihkl), 1st order, pr(i0il), and 2nd order, 
pr(ii.2i.}); hexagonal prisms, 3rd order, pr(ihk0). 

Examples: CaMg(CO,), (dolomite), titaniferous iron; H,CuSiO,, 


- -Zn,8i0,, Be,Si0,, 


17. Ogdohedrism. L,, 1,. Hemimorphism of 15 or 16. 
Example: NalO,+3H,0. 


ITI. Tetragonal System 


System of crystallographic axes; one chief [vertical] axis to which the 
third index refers, and two equal lateral side axes at right angles to it and to 
each other. | 

18. Holohedrism. C} 2L,, 4L,, 4L,'; Py 2P,, 2P,’. 

Di-tetragonal pyramids (hkl), tetragonal pyramids, 1st order (hhl), and 

} G 
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2nd order (hOl); di-tetragonal prisms (hk0), tetragonal prisms, Ist order 
(110), and 2nd order (100); basal plane (001). 

Examples: B, Sn; SnO,, TiO, (rutile and anatase), ZrSiO0,; Hg,Cl,, 
HglI,, Hg(CN),; MgPt(CN), + 7H,O; NiSO, + 6H,0; KH,PO,, 
(NH,)H,PO,, Pb,C1,CO, ; vesuvianite, melilite, gehlenite, apophiyllite 

19. Psahinbolite Hemihedrism. Dsl gh 2P\-2Er 

Example: Iodo-succinimide. C,H,O,NI; Pentaerythrite C,H, ,0,. 

20. Trapezohedral Hemihedrism. 2L,, 4L,, 4L,’. 

Tetragonal Trapezohedron, 7(hk]). 

Examples: Guanidine carbonate, Strychnine sulphate, NiSO, + 6H,0. 

21, Pyramidal Hemihedrism. C; Ly, 1,; P,. 

Tetragonal pyramids, 3rd order, 7(hkl), and prisms, 3rd order, r(hk0). 

Example; CaWO,, PbMoO,; scapolite; erythrite, C,H,,.0,. 

22, Hemimorphic Tetartohedrism. L,, if 

Example: d-Ba(SbO),(C,H,O,). + H,0. ; 

23. Sphenoidal Hemihedrism. aL, , 4L,; 2P. 

Tetragonal di-sphenoid, «(hkl), and Scheconk «(hhl). 

Examples: CuFeS, (copper pyrites) ; CH,N,O (urea); KH,PO,, 

[24. Sphenoidal Tetartohedrism. L,* Bt a 


IV. Orthorhombic System 


System of crystallographic axes; three unequal axes at right angles to 
each other. 

25, Holohedrism. .C; 2D,,.2L,, 2L5° 3: Pay Pae bes 

Orthorhombic pyramids (hil) ; pea (hk0), (hok), and (Ohk) ; pairs of 
planes (pinacoids) (100), (010), and (001) the basal plane. 

The great majority of minerals, and especially also of artificially- 
prepared substances, crystallise partly in this group and partly in group 28. 

Some examples are: S, I, HgCl,, HgI,; FeS, (marcasite), Cu,S ; 
Sb,8, ; TiO, (brookite) ; BaCO,, CaCO, (aragonite), SrCO,, PbCO,; KNO., 
AgNO,; CaSO,, BaSO,, SrSO,, PbSO, ; K,SO,; Mg,SiO,, Fe,Si0,; topaz, 
andalusite ; MgSiO,. 

26. Hemimorphism. L,, 1,; P, P’. 

Examples ; Zn,(HO)Si0y Mg(NH,)PO, +6H,O; resorcin, C,H,O,, 
tri-phenyl-methane (C,H,).CH 

27. Hemihedrism. 2L,, aL,’, 21L,". 

Orthorhombic sphenoid, «(hkl), 

Examples: MgSO, + 7H,O, ZnSO, + 7H,0; d-K(SbO)C,H,0,, 
KHO,H,0,, KNaC,H,0, + 4H,0, NH,NaC,H,0, + 4H,0, C,H,0,, as- 
paragine, mycose, ete. 


V. Monoclinic System 


System of crystallographic axes; two inclined axes, and another (ortho- 
axis) normal to the plane of the first two; the middle index refers to this 
ortho-axis: all three axes are unequal. 

28, Holohedrism. OC, L,; 1,; P,. 

Prisms (hkl), (nhk0), (Okl): pairs of planes in the zone of the ortho-axis 
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(hOl) ; especially orthopinacoid (100), and basal plane (001); clinopinacoid 


(010). 


Examples very numerous; among others: S (two modifications), 
Se; AsS; As,0O,; Sb,O,; NaClh+ 2H, 90; KCIO,; Na,CO, + 10H,0 ; 
BaCa(CO,), ; (GuCO,), + H,Cu0, ; Na,SO, + 10H,O; CaSO, + 2H,0 
(selenite), (FeSO, + 7H,0; MgK,(SO,), + 6H,O; and its isomorph, 
CaNa,(SO,),; PbCrO,; (MnFe)WO, (wolframite); Fe,(PO,),+8H,0; 


‘Na,B,O,+10H,O; CaSiO, (wollastonite); augite, hornblende, euclase, 


epidote, orthite, datholite, orthoclase, mica, titanite, heulandite, harmotome, 
etc. ; most organic substances, as oxalic acid, potassium binoxalate, salicylic 
acid, naphthalene, anthracene. 

29. Hemimorphism. L,, 1,. 

Examples: Tartaric acid, quercite, cane sugar, milk sugar, ete. 

30, Hemihedrism. P. Example: skolezite. 


VI. Triclinic System 


System of crystallographic axes; three obliquely inclined, unequal axes. 

31. Holohedrism. C, 

All the simple forms are only pairs of [parallel] planes. 

Examples: B(OH),; CuSO, +5H,O, K,Cr,0,, CaS,0, + 6H,O; 
MnSiO,, Al,SiO, (disthene), axinite, microcline, albite and anorthite, racemic 
acid, C,H,O, + 2H,0. 

32, Hemihedrism. No element of symmetry. 

Example: d. monostrontium tartrate, Sr(HC,H,0,), + 2H,0. 


One can also deduce these thirty-two groups, without assuming 
the law of the rationality of indices, by starting with the conception 
of homogeneity. This method of treatment is considered in the 
“theories of crystal structure,”1 which rest on molecular conceptions, 
and according to which there occurs an arrangement of the molecules 
of a crystal about its centre of gravity in a regular system of points. 
All the possible regular point-systems can be developed by the interpene- 
tration of congruent, parallelopipedal space-gratings, of which there 
are fourteen varieties ; and according to their symmetry, the point- 
systems arrange themselves in the well-known thirty-two groups. 
This theory leads also, in an obvious way, to the law of the rationality 
of indices, by regarding the faces of a crystal as met-planes of the 


_ point-system. 


Twinning and erowrths of Orystals.—We must now consider 


those regular growths called twins, [threelings, fourlings, etc.], which 


consist respectively of two or more individuals, and which allow the 


production of forms of apparently higher symmetry than’ corresponds 


‘to their erystal structure. These growths can, as a rule, be recognised 


z Pee onheinn, 1835 ; Bravais, 1850; Camille Jordan, 1868; Sohncke, 1876 ; 
Fedorow, 1890 ; and with special thoroughness in Schoenfliess’ Krystallsysteme und 


ia | Krystallstruktur. Leipzig, 1891. 
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by the presence of re-entrant angles, which never occur on simple 
crystal individuals, or else by a varying behaviour of different parts 
of the same face. 

We distinguish between twins Wika parallel axes and those with 
axes which are not parallel. The former are growths of two hemi- 
hedral (or tetartohedral) forms respectively which bear the same rela- 
tive position to each other as in the [theoretical] derivation from their 
holohedral (or hemihedral) forms. They are called complementary 
twins. Examples are the interpenetration of two pentagonal dode- 
cahedra of iron pyrites, or the intergrowths of right- and left-handed 
quartz crystals. For the second class of twins [viz. with axes not 
parallel], which are by far the more common, the regularity is that the 
two crystal individuals lie symmetrically with reference either to one of 
their possible faces or one of their edges. In the case of those twins which 
are symmetrical to a plane, this plane is called the twinning plane; in the 
case of those twins which are symmetrical with reference to a straight 
line, the plane normal to this line is the twinning plane; the line 
normal to this plane is the twinning aais; in erystals which are 
centrally symmetric it is a symmetric axis of twinning. The two 
twinning individuals may either penetrate each other (interpenetration 
twins), or they may touch each other along a plane (contact twins) ; 
and, as is often the case, it is not necessary that this plane should be 
the twinning plane. 

Repeated twinning growths frequently occur in parallel planes ; in 
this case the alternating individuals (often as thin sheets), occur in 
parallel arrangement ; in this way arise the twinning lamelle, for in- 
stance, of calcite, aragonite, and especially of the triclinie feldspars 
(polysynthetic twinning). Twins or fourlings may show forms which 
apparently belong to crystal systems of a higher symmetry than that 
possessed by the single individuals ; important illustrations are the 
pseudohexagonal prisms (or pyramids) of orthorhombic aragonite and 
witherite ; also the crystals of chrysoberyl, harmotome, and phillipsite ; 
such forms are called “pseudo- symmetric or mimetic. 

It is worthy of notice that twinning growth may occur not only in 
the original building-up of a crystal, but also in a secondary way from 
external pressure ; calcite is a remarkable example of this. 

The growth of crystals, i.e. the relative development of the different 
faces, is very variable and often irregular, so that equivalent faces 
often have a very different size ; these are distortions. The conditions 
controlling these distortions are not well understood. P. Curie 


Ate85) and others have suggested as a controlling factor a certain 


“surface energy,” analogous to that on the surface of liquids, which 
would be different for the unequal planes of the same crystal; but 
except for the observation that larger crystals grow at the expense of 
smaller ones, when placed in the same saturated solution, this hypo- 
thesis has led to hardly any results in harmony with experiment. 


\y 
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The solubility of a crystal is not the same in all directions. This 


ean be shown by treating the surfaces for a short time with a solvent. 


Regularly bounded marks are thus formed (Aetzfiywren) whose arrange- 
ment shows the same symmetry as the ideally developed crystal, and 
often offers the only means of determining the crystallographic group.! 
Of two dissimilar faces of the same crystal, one may show the greater 
solubility in one solvent, the other in another. This may explain the 
varying habitus of crystals of the same substances, eg. sodium 
chloride, which usually crystallises in cubes, comes down with 
octahedral faces from a solution containing urea. 


The Physical Properties of Crystals.—In the case of all 
physical properties which are directed quantities, there appears in 
erystals a dependence on direction which, in the elementary laws of 
the processes in question, is expressed by a number of constants 
characteristic for each crystal. As already stated, the symmetry, 


- which in the behaviour of a crystal appears correlated with some 


physical action, is always the same as that of its geometrical form, 
or higher; and the division into groups which one obtains by a 
classification based on any physical property is always in harmony 
with the classification previously developed from the crystalline form. 
In the following section we will consider the physical properties 
particularly in their relations to symmetry ; and we will consider the 
physical laws themselves only in so far as they are of especial import- 
ance for the determination of crystallographic symmetry. For 
more details reference must be made to the text-books of physics ; 


_ and. here special mention should be made of Liebisch’s Grundriss der 


physikalischen Krystallographie. 

The physical properties of crystals may be divided into two groups, 
according as they possess a higher or lower symmetry. But the 
symmetry of the physical properties is never lower than that shown 
by the processes of growth and solution. Higher symmetry is shown 
by all those physical properties whose elementary laws in crystals can 
be expressed by an ellipsoid (for which, therefore, regular crystals 
behave as isotropic) ; lower symmetry by those for which this is not 
possible. 

To the first class belong thermal expansion and compression by equal 


4 pressure from all sides ; the conduction of heat and electricity, dielectric and 


© a 


magnetic polarisation, and finally the thermo-electric phenomena. 
The significance ‘of the ellipsoid in these cases is essentially as 


follows :— 
In thermal expansion an imaginary sphere in the inner part of the 


: erystal is distorted to an ellipsoid, the principal axes of which are 


proportional to 1 + A,t, 1)+ Axt, 1 + Ast; where A,, A,, and A, respectively 


__ are the principal coefficients of expansion, and t is the amount of the 


1 Liebisch, Grundriss der physikalischen Krystallographie, p. 43, Leipzig, 1896. 
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change of temperature. If this ellipsoid of dilatation is given for a — . 


definite temperature interval t, then one can calculate the changes of 
the dimensions and of the angles of the crystal. 


In the case of the phenomena of conduction, suppose that at a — 
point of a crystal (of unlimited extension), there is a source of heat or ~ 
of electricity ; then the surfaces of equal temperature (or potential © 
respectively) will be similar and similarly arranged ellipsoids, the — 


principal axes of which are proportional to the square roots of the 
principal conductivities. 
Finally, the relations between the intensity and the direction of di- 


electric polarisation (or of the magnetic polarisation) of a crystal, in a ~ 


homogeneous field, on the one hand, and the direction of the lines of 
force on the other hand, can be shown by the aid of an ellipsoid, whose 
principal semi-axes are the square roots of the reciprocals of the 
principal dielectric coefficients (or magnetic constants respectively). 
Similarly, an ellipsoid serves to show the connection between thermo- 
electric force and the direction of the greatest fall in temperature. 

Inasmuch as six magnitudes must be determined in order to fix 
the directions and lengths of the principal axes of an ellipsoid of un- 
equal axes, so processes of this sort, in the most general cases, depend 
on siz physical constants, the values of which will vary with the 
temperature (and the pressure). Thus, from the consideration of each 
of the physical properties enumerated above, we can classify crystals 
into the five following groups :— 

I. Regular System: the ellipsoid is a sphere; no distinction from 
the behaviour of amorphous bodies. 1 constant. 

II. Hexagonal and Tetragonal Systems: the ellipsoid is one of 
rotation, where the chief crystallographic axis is the axis of rotation ; 
the length of this axis and of the equatorial semi-diameter are alone 
to be determined ; therefore 2 constants. For every physical property 
one can make two subdivisions of this class, according as the ellipsoid 
of rotation is oblate or prolate. 

III. Orthorhombic System: the ellipsoid has three unequal axes 
having a fixed direction, but of variable lengths ; these are the erystallo- 
graphic axes. 3 constants. 

IV. Monoclinic System: one of the three unequal axes of the 
ellipsoid coincides with the ortho-axis ; the directions of the two others 
vary. 4 constants. 

V. Triclinic System : all three axes of the ellipsoid vary in length 
and direction. 6 constants. 

In relation to the properties considered here, the crystals of group 
I. are isotropic, those of group II. have one axis of isotropy, those of 
groups III., IV., and V. have no aais of isotropy. 


The Optical Properties of Crystals.—A somewhat greater 
multiplicity of the relations of symmetry appears in the optical pro- 


tg 
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| perties of crystals. Here also, as will be seen below, the behaviour of 


the great majority of transparent crystals can be explained by the aid 
of an ellipsoid, but there are two groups of transparent crystals, viz. 
the “optically active,’ for which the ellipsoid is not suitable; and 
when the crystals absorb light the relations are very complicated. 


| The latter subject we must pass by with a reference to P. Drude’s! 


work, only it should be observed that an absorbing crystal has always 
twice as many optical constants as a [perfectly] transparent one of the 
same symmetry. 


The division of crystals, then, according to their optical behaviour, is as 
follows :— 


A. Optically Isotropic Crystals 


I, Singly refracting: regular system—The wave-surface is a sphere. 
I constant, (Very often regular crystals also show weak, irregular double 
refraction ; this belongs to the so-called “optical anomalies,” the cause of 
which, though certainly of a secondary nature, has not been satisfactorily 
explained.) 

Il. Having the power of rotation [rotary polarisation].—A part of the 
erystals of group 5 belong here. The wave-surface consists of two concentric 
spheres. 2 constants. 


B. Optically Anisotropic Crystals with One Axis of Isotropy 


IIL. Optically Uni-aaial without Rotatory Power (hexagonal and 
tetragonal system)—The wave-surface (Huyghens’s) consists of an ellipsoid 
of rotation (the rotation axis of which coincides with the chief crystallo- 
graphic axis), and of a sphere which touches the former at the poles. The 
optically uni-axial crystals are subdivided into positive and negative 
varieties, according as the ellipsoid of rotation is prolate or oblate. 
2 constants. 

IV. Optically Uni-axial with Rotatory Power (groups 15, 17, and 20),— 
The wave-surface consists of two rotation-surfaces, one differing but little 
from an ellipsoid, and the other but little from a sphere. 3 constants. 


C. Optically Anisotropic Crystals without Axis of Isotropy 


The wave-surface (Fresnel’s) is in all cases a surface of the fourth 
degree, with three twofold axes of symmetry at right angles to each other. 
It is cut by its planes of symmetry in a circle and in an ellipse, and has two 
pairs of singular tangential planes touching it in circles. The normals to 
these tangential planes are the optic axes. Distinctions arise here if we take 

into consideration the crystallographic orientation of the optic axes of 
symmetry, and their connection with the temperature and with the wave- 
length of light. There are the three following classes :— 

V. Optically Bi-axial Crystals of the Orthorhombic System, — Fixed 


1 Wied. Ann. 40, 665 (1890). 
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directions of the optic axes of symmetry, coinciding with the crystallo- 
graphic axes. 3 constants. : 


VI. Optically Bi-axial Crystals of the Monoclinic System.—Only one — 
optical axis of symmetry is fixed, viz. that having the same direction as — 


the ortho-axis. - 4 constants. 


VIL. Optically Bi-axial Crystals of the Triclinic System—All three of © 


the optic axes of symmetry have variable positions. 6 constants. 


The law of double refraction in inactive anisotropic crystals, or those of — 


categories III., V., VIL, and VIL, can be easily developed in the following 
way with the help of the so-called “index-ellipsoid.” ts semi-axes coincide 
in direction with the optic axes of symmetry, and their values cam be easily 
derived from the three or two chief indices of refraction as follows. 

One obtains the velocity of transmission, and the polarising directions 
of those plane waves which advance in a given direction, by passing, through 
the middle point of the index ellipsoid, a plane normal to this direction, 
and then determining the principal axes of the resulting elliptical section. 
These axes are the polarising directions sought, and their reciprocals are 
the velocities of transmission, compared with these in air as unity; here it 
is to be observed that the velocity of transmission of every wave is 
determined by that ellipse axis which is at right angles to the plane of 
polarisation. The two directions for which the ellipse section is a circle, 
when the polarisation direction is indefinite and the two wave velocities are 
equal to each other, are the optic axes. On this method is based the 
derivation of many phenomena of double refraction, which cannot be 
entered into here, but which will be found thoroughly presented, for example, 
in Liebisch’s Physikalische Krystallographie. 

Optical activity is superimposed on ordinary double refraction, in the 
case of crystals of category IV.; this leads to the result that im the direction 
of the axis of isotropy there occurs circular polarisation, but elliptic 
polarisatton in all other directions inclined to this. An analogous super- 
position of optical activity on ordinary double refraction, might occur in the 
ease of those optically biaxial substances which have crystal forms “turned 
back upon themselves”; but such instances have not been recognised 
hitherto, perhaps because the circular polarisation may be obscured by the 
double refraction, in all directions highly inclined to the optic axis. 
Optical activity is theoretically possible in all groups having neither centre 
nor plane of symmetry, z.e. apart from those mentioned, in the groups 3, 8, 
10, 22, 24, 27, 29, and 32. Experience shows that in the case of erystals 
“turned back upon themselves,” it does not follow conversely that there 
must be circular polarisation; instances of this are found in the 
tetartohedral nitrates of Pb, Ba, and Sr. It is worthy of remark that those 
(organic) substances which are optically active in solution always ecrystallise 
in the inverted forms (Pasteur, 1848); but most crystals with circular 
polarisation (for example NaClO,, NaBrO.) give inactive solutions. Optical 
activity in both crystallised and dissolved states is shown only by a few organic 
compounds such as strychnine sulphate, rubidium tartrate, ete. 


The Physical Properties of Lower Symmetry.—The most 


1 See H. Traube, Jahrb. f. Mineralogie, 1896, p. 788. 
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important property by which all regular crystals are distinguished from 
amorphous substances is elasticity. According to the theory of elasticity, 
the potential energy of unit volume of a deformed homogeneous crystal 
is a quadratic function of the moduli of deformation (as named by 
Kirchhoff) ; the coefficients occurring here are the so-called elasticity 
constants of the crystals, provided that the crystallographic axes are 
chosen as the co-ordinate axes. As Minnegerode! first showed, ac- 
cording to the symmetry of their behaviour respecting elasticity, the 
following nine classes of crystals are to be distinguished :— 


(a) Regular system; groups 1—5, with 3 elasticity constants. 

(b) Hexagonal system ; groups 6—12, with 5 elasticity constants. 

(c) Hexagonal system ; groups 13-15, with 6 elasticity constants. 

(d) Hexagonal system ; groups 16 and 17, with 7 elasticity con- 
stants. 

(¢) Tetragonal system ; groups 18, 19, 20, and 23, with 6 elasticity 
constants. 

(f) Tetragonal system; groups 21, 22, and 24, with 7 elasticity 
constants, 

(g) Orthorhombic system ; groups 25-27, with 9 elasticity con- 
stants. 

(h) Monoclinic system ; groups 28-30, with 13 elasticity constants. 

(i) Triclinic system; groups 31 and 32, with 21 elasticity con- 
stants. 


That no more groups occur is due to the fact that the elastic pres- 
sure, as well as the amount of deformation, are magnitudes centrally 
symmetric. The elastic symmetry is expressed with especial clearness 
in the dependence of the coefficient of elongation (1.2. the elongation 
effected by the pull 1, in the direction of this pull) upon the direction. 
This relation can be shown by means of a closed surface, by plotting 
through a fixed point each pull-direction corresponding to the co- 
efficients of elongation. Similarly the torsion coefficient of a circular 
cylinder can be represented as a function of the crystallographic 
orientation of the axis of the cylinder. (Reference should be made 


j to the numerous researches of W. Voigt, a summary of which is given 


in Liebisch’s book, chap. ix., and especially to the account in § 7 
of Voigt’s Kristallphysik, Leipzig, 1898). It is especially worthy of 
mention that, in the case of the groups of the hexagonal system, under 
(6) in the preceding classification, the elasticity is the same in all direc- 
tions, having the same inclination to the principal axis. This does not 


e hold good for the other groups of the hexagonal system, nor for those 


_ of the tetragonal system. Moreover, there are very remarkable varia- 
tions of the co-efficients of elongation and of torsion respectively, in 
_ different directions, as appears from the observations on calcite, dolo- 
| mite, tourmaline, and barite, for example. 

‘ 1 Minnegerode, Gott. Nachr., 1884. 
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The properties associated with cohesion, as cleavage and hardness, in 
respect to which the regular crystals also seem to be anisotropic, have 
not as yet yielded to mathematical treatment. 

A physical process, which és not centrally symmetrical, and which 
therefore leads to an entirely different classification of crystals, is that. 
of electrical excitement by elastic or thermal deformation (piezo-electricity 
and pyro-electricity). As long as one considers only homogeneous 
deformation, these phenomena can only occur on crystals without a 
centre of symmetry. Pyro-electric excitement by uniform heating or 
cooling is particularly characteristic of the groups having a character- 
istic polar axis of symmetry, viz. 7, 10, 14, 17, 19, 22, 27, and 29 
(groups 30 and 32 have not been observed as yet); this property, 
therefore, is a good sign whereby to recognise these groups, apart from 
their crystalline form and etched figures. Remarkable examples are 
tourmaline, calamine, struvite, cane-sugar, and tartaric-acid; also 
quartz, in which the three side-axes, and boracite, in which the four 
threefold axes are polar, can take electrical charges only by wneven heating 
or cooling, with + and — alternately on the ends of the polar axes. 


The Determination of the Crystallographic Symmetry.— 
In the study of transparent crystals optical tests should be first 
applied. It should first be determined, by a polarisation apparatus 
for parallel light, or by a microscope fitted with polarising and analys- 
ing nicols, whether the crystal is optically isotropic (singly refracting 
or circularly polarising), or doubly refracting ; and in the latter case, 
how the directions of extinction are orientated with reference to the 
bounding crystal faces : (these extinction directions are the directions 
which must be parallel to the polarising planes of the crossed nicols, 
when the crystal appears dark, and they are therefore the polarisation 
planes of the waves transmitted in the direction of observation). 

Next follows an examination in converging polarised light (with 
the Norremberg’s apparatus, or, in the case of small objects, with 
a microscope fitted for converging light), when the light is passed 
through crystal sections with parallel planes, which are either 
naturally suited for this, or artificially prepared, by grinding or 
splitting. Usually it will be advantageous and save polishing, if 
one immerses the crystal in a liquid having nearly the same re- 
fractive index. The following is a description of the characteristic 
interference phenomena which one first observes in homogeneous light; 
it will be noticed whether the crystal is optically uni-axial or bi-axial, 
and in the latter case how the optic axes lie. In the case of uni-axial 
crystals, in plates cut*perpendicularly to the optic axis, between crossed 
nicols one sees a series of concentric circles, alternately light and dark, 
which are intersected by two dark bands which are at right angles to 


each other; in plates cut parallel to the axis the rings become equilateral _ 


hyperbolas ; a section, cut from a crystal in any other direction, shows 
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excentric systems of ellipses or hyperbolas according to its inclination 
to the optic axis. In the case of crystals optically bi- axial, in sections 
normal to the “first middle line” (i.e. the line bisecting the acute angle 
of the optic axes), when the angle is not too great, one sees a system 
of lemniscates which are crossed by two dark bands at right angles 
to each other, or by two equal dark hyperbolic brushes, according 
as the plane of the axes coincides with the principal section of one 
nicol (normal position), or as it makes an angle of 45° with it (diagonal 
position). With sections normal to “ the second middle line ” (i.e. the 
line bisecting the obtuse angle of the optic axes), or parallel to the 
plane of the optic axes, there are seen systems of concentric hyperbolas 
which are exactly symmetrical in the latter case, but not so in the former. 
Finally, it is to be noticed that sections normal to one axis of a bi-axial 
erystal show an interference figure consisting of almost circular curves 
which are crossed by one dark band. Interference curves are visible in 
white light, but only in sufficiently thin sections, or such as are nearly 
normal to one optic axis ; the symmetry of the distribution of colour 
observed in the normal or diagonal position of the plate, and which 
depends on the position of the middle lines of each particular colour, 
allows one to determine whether the crystal system is orthorhombic, 
monoclinic, or triclinic. (We distinguish in the case of monoclinic 
erystals three varieties of the “dispersion of the optic axes of sym- 
metry”: 1, inclined dispersion when the optic axes lie in the plane 
of symmetry ; 2, horizontal, and 3, crossed dispersion when the plane 
of the optic axes is at right angles to the plane of symmetry, and the 
first and second middle lines respectively lie parallel to this latter 
plane. 

After the study of these optical phenomena has enabled a fairly 
accurate conclusion to be drawn on the nature of the symmetry of the 
erystal under examination,—which may be of great value when dealing 
with complex combinations with irregular development of planes,— 
the angles are measured by means of a reflection goniometer, a perspective 
sketch having been previously made to show, as far as possible, the 
arrangement of the particular planes, each of which is marked with a 
letter. 

The angular measurements will enable the symmetry of the 
geometrical form to be more accurately determined because equal 
angles lie between similar planes) ; and, further, will serve to determine 
the elements of the axes (.¢. the geometrical constants) of the crystal. 
In the case of monoclinic and triclinic crystals, the choice of funda- 

mental planes is purely arbitrary (for the former, 100 and 001, and 
also for the latter 010), but one can give to any fourth plane not 
lying in a zone of any two of the first planes, arbitrary indices, for 
example 111, and can calculate from the inclination to the fundamental 
planes, directly or indirectly obtained, the axial units a:b:c¢. (The 
angles pecs the axes are already known by establishing the 
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fundamental planes.) To determine the indices of the other crystal 
planes, one needs at most two angles, measured from different zones ; 
but it is the custom to have more, if possible, in order to have a 
control of the calculated elements of the axes and indices. 

If the occurrence of the faces gives rise to doubts to which 
group of the system a crystal belongs, we must proceed to study the 
etched figures, the pyro-electric properties, etc. Finally, after the 
symmetry and geometrical constants have been determined, further tests 


should be made of the characteristic physical properties, especially the — 


character (i.e. whether positive or negative), and the strength of the 
double refraction must be determined ; in the case of crystals optically 
bi-axial, the angle between the optic axes ; and in monoclini¢e and triclinic 
crystals, the orientation of the optic axes of symmetry must be determined 
for the different colours ; also, when it is possible, one must measure 
the principal indices of refraction by the method of total reflection, or 
by the prism method, and eventually one must study the absorption 
phenomena (pleochroism). 


Polymorphism.— Although, in general, each substance oceurs in 
a definite crystallographic symmetry and form, which is characteristic 
for itself, yet many instances occur where the same substance eahtbits 
different crystal forms. 'The appearance of one and the same substance 
(having not only identical composition, but also identical constitution) 
in two or more crystal forms, z.e. forms with different symmetries, and 
also with different elements of the axes, is called dimorphism or poly- 
morphism. This phenomenon was first recognised by E. Mitscherlich, 
in the salt NaH,PO,+H,O (1821), and in sulphur (1823). The 
different kinds of crystals of a polymorphous substance are to be 
regarded as different modifications analogous to the different states of 
aggregation ; they are therefore called physical isomers, in contrast to 
chemical isomers. 


The following are among the important examples of polymorphic 
substances. For the particular group to which each modification belongs, 
see the preceding summary of the thirty-two groups. 

C, S, Se, Sn; Cu,S, ZnS, HgS, FeS, ; As,O,, Sb,O,, SiO, (quartz and 
tridymite), TiO, ;"AgI, Hgl,; CaCO,, KNO,, NaClO,, KClO,, NH,NO, ; 
K,SO,, NiSO,+6H,0, MgSO,+7H,O, FeSO,+7H,O, NaH,PO, + H,0, 
boracite, Al,SiO, (andalusite, disthene, and sillimanite), the humite group, 
zoisite and epidote, leticite, potassium feldspar ; also many organic compounds 
as chlor-m-di-nitro-benzene, chlor-o-di-nitro-benzene, benzo-phenone, [-di- 
brom-propionic acid, mono-chlor-acetic acid, mono-nitro-tetra-brom-benzene, 
benzoin, carbon, tri-chloride, hydroquinone, malon-amide, m-nitro-para-acet- 
toluide. 


Polymorphism (unlike chemical isomerism) is restricted to the 
solid state ; on sublimation, polymorphic modifications yield the same 
vapour ; on solution, the same liquid, just as the vapour from ice or 
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water is identical, and the solution of ice or water in alcohol gives an 
- identical aqueous alcohol. 

But the vapour pressure (and solubility) of two polymorphic modi- 
fications is, in general, different ; hence, in general, two polymorphic 
forms are not in equilibrium together, for vapour would pass from the 
form with the higher to that with the lower pressure, and the one 
would grow at the cost of the other. Equilibrium can occur only at 
the temperature at which the vapour pressure of the two forms is the 
-same, 7.¢, at the point of intersection of the two vapour pressure 
curves, just as (p. 71) coexistence of the solid and liquid states 
depends on equality of vapour pressure. 

The point at which the two modifications coexist is called the 
transition temperature; above that, only one, below it only the other 
form is stable, just as below 0° water freezes, and above 0° ice melts. 
But an important difference is that solids cannot be heated above their 
melting-point without melting, whereas most polymorphs can be kept 
for some time above their transition temperature before being entirely 
converted, and some even show no tendency to be converted. Thus, 
ealcite and aragonite can exist together through a wide range of 
temperature, and others, such as diamond and graphite, have not so 
far been converted by mere change of temperature. The transition is 
usually facilitated by contact with substance that has been already 
converted, just as the solidification of an undercooled liquid is brought 
about by contact with the frozen substance.! 

The energy of two modifications is usually considerably different, 
as with the solid and liquid ,, 
states ; the evolution of heat in 
passing from one into the other 
is called the heat of transition. 

These relations can best be 
studied with the aid of Fig. 8 
which, like Fig. 4 (p. 71), shows 
the vapour pressure curves of 
the different modifications. 
The point of intersection of 
curves a and b which repre- 
sent the polymorphic forms A 
and B is the transition point, Big.8- 
for there the vapour pressure of both is the same. Below that point 
A has the smaller vapour pressure, and is stable ; above, the conditions 
are reversed, and B is stable. 

The melting-point of each modification is at the intersection with 
the vapour pressure curve of the liquid. Two cases are possible.” 


1 See ‘‘ Synopsis of Livaltere and Researches,” by W. Schwarz, ‘ Umkehrbare Um- 
wandlungen polymorpher Korper,” Preisschrift der phil. Fakultat, Gottingen, 1892, 
2 Ostwalt, Alig. Chem. 1st ed. 1, 695 (1885) ; 2nd ed, 1. 948 (1891). 
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Either the latter curve cuts a and b above the transition point (I, Fig. 
8) or below (II). Only in the former case is the transition point 
actually attainable ; in the latter, both modifications would melt first. 
Sulphur is an example of the first case ; rhombic sulphur on heating 
to 95°6 passes over into the monoclinic form, and the latter on cool- 
ing reverts to rhombic. Benzophenone is an instance of the second ; 
two modifications with different melting-points are known, and, as 
appears from Fig. 8, that with the higher melting-point must be the 
more stable. In this case, then, it is not possible to pass from either 
modification to the other by mere heating or cooling; the unstable 
modification has to be prepared by crystallisation from suitably under- 
cooled liquid. 


Amorphous State.—On cooling a homogeneous liquid sufficiently, 
it acquires, in general, the property of crystallising ; at points of its 
interior nuclei arise which grow more or less fast, and eventually 
cause the whole liquid to become crystalline. A liquid can therefore 
be wndercooled (i.e. cooled below the melting-point) the more easily the 
fewer the nuclei in it and the more slowly they grow. 

If a liquid were suddenly cooled to the absolute zero the facility 
for crystallising would not occur ; for then molecular movement would 
cease, and the favourable collisions of molecules (Book I. Chapter I.) 
needed for the formation of a crystal nucleus would be wanting ; nor 
could a nucleus grow, since the velocity of crystallisation must vanish 
too. It appears, then, that at the absolute zero the state of under- 
cooled liquid must be practically stable; it is further obvious that, 
with the cessation of molecular movement, the easy mobility of the 
parts of a liquid must cease too, whereas its isotropy must remain (in 
contrast with the crystalline state). 

Numerous observations show that such a state is possible for many 
substances at the ordinary and even higher temperatures, 2.¢. great 
undercooling can be relatively stable; this condition has long been 
called amorphous * (in opposition to crystalline). 

The characteristics of the amorphous state follow from what we 
have said ; externally it has the properties of a solid, owing to great 
viscosity and considerable rigidity, produced by strong mutual action 
of the molecules. An amorphous body differs froma crystal, however, 
in its complete isotropy and absence of a melting-point; on heating, 
it passes continuously from the amorphous to the usual liquid state, 
as its properties show steady change with rise of temperature, and no 
breaks anywhere. 


Since amorphous bodies (such as glasses) show rigidity, it would follow 
from this hypothesis that ordinary liquids, and even gases, must also, though 


1K, Schaum, “ Arten der Isomerie,” Habilitationsschrift, Marburg, 1897. 
2 This view of the amorphous state is developed and discussed by G. Tammann, 
Schmelzen und Kristallisieren, Leipzig, 1903 (Ambrosius- Barth). 
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to a very slight extent; so far, this has not been proved, possibly owing 


_ to the extreme smallness of the property. 


Quartz, silicates (glasses), and many metallic oxides, are good examples of 
the amorphous state. Amorphous precipitates, difficult to wash and apt 
to bring down impurities with them, are frequent in chemical work and 
disadvantageous. 

Sometimes crystallisation of amorphous bodies cannot be observed within 
ordinary limits of time ; sometimes it occurs slowly, as in the devitrification 
of glass; occasionally with almost explosive violence. Tammann (loc. cit.) 
quotes a good example of this in Grove’s discovery (1855) of explosive 
antimony. This metal is deposited in amorphous form (always containing 
some chloride) by electrolysis from solutions of antimonious chloride; on 
passing over into the crystalline state an evolution of 21 calories per gram 
occurs. Ifa part of the antimony be heated to 100° — 160°, rapid crystallisa- 
tion takes place, and this, on account of the heat developed, is propagated 
like an explosive wave. 


CHAPTER IV 
THE PHYSICAL MIXTURE 


General Observations.—In the preceding chapters we have con- 
sidered chiefly the behaviour of substances having a simple chemical 
composition: in the following chapter will be considered the most 
important properties of the physical mixture. By the term physical 
mixture we mean a complex of different substances, which is at all points 
homogeneous, both in a physical and a chemical sense. According to the 
state of aggregation we must distinguish between gaseous, liquid, and 
solid mixtures ; in special cases we call them gas-mixtures, solutions, 
isomorphous mixtures, alloys, and the like. 

The physical mixture must not be confounded with the coarse 
mechanical admixtures of solid or liquid substances, as powders, 
emulsions, and the like, the various ingredients of which can be 
separated from each other without much difficulty, as by detection 
with the microscope, separation by gravity, by washing out, etc. 
They originate by the mutual molecular intermingling of the various 
substances of which they are composed, and the separation of their 
components is for the most part associated with the expenditure of a 
very considerable degree of work, a knowledge of which is of the 
very greatest importance. In terms of the molecular hypothesis, 
physical mixtures differ from chemically simple substances, in that 
the latter consist of the same kind of molecules, while the former 
consist of different kinds of molecules. 

The gases alone possess collectively the property of unlimited 
miscibility. The solvent power of different liquids for each other, 
and also of liquids for solids, is much more limited ; and still more 
rarely are crystallised substances able to form mixed crystals in all 
proportions. 


Gas Mixtures.—As would be expected, the most simple relations 
are found in the case of mixtures arising from the mutual inter- 
penetration (diffusion) of different gases. In those cases where there 
is no chemical action associated with the intermingling, the properties 
of each particular gas remain unchanged in the mixture, #.e, each 
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gas conducts itself as though the others were not present ; the pressure 
exerted upon the containing walls, the capacity of absorbing and 
refracting light, the solubility in any selected solvent, the specific heat, 
etc., all of these properties experience no change in the intermixture. 
Thus we can predict the [physical] properties of a gas mixture of 
known composition, if we have previously determined the properties 
of each particular ingredient. This can be regarded as characteristic 
of ideal gases. As all the laws of gases are only approximate rules, 
exact measurement will probably bring to light small deviations from 
the rules given above. At least it has already been shown that the 
pressure exerted by a gas mixture does not strictly obey the law of 
the sum of their pressures. 

If two gases are mixed by allowing them to diffuse into each other 
at constant volume, there occurs no development of heat, and also no 
expenditure of external work ; consequently the total energy [U], re- 
mains unchanged in this process. But since the mixing of two gases 
takes place automatically, it is obvious that the process, rightly directed, 
can perform external work ; the maximum of external work is obtained, 
as always, when the process is conducted reversibly. 

Now, as a matter of fact, a very simple mechanism may be con- 
trived to work in the desired way: it depends upon a property 
possessed by certain partition walls, of being permeable for certain sub- 
stances, but not for others; partitions of this sort are called “ semi- 
permeable” ; they have recently proved of immense service in the 
advance of both theory and experi- 
ment. Let there be n, g.-mol of a 
gas in the division I. of a cylinder 
(Fig. 9), the volume of which is v,, 
and in division IJ., the volume of 
which is v,, n, g.-mol of another gas. 
During the process the system is 
maintained at the constant temperature T. In the cylinder are 
two closely-fitting, movable pistons a and b; let piston a be 
permeable for the jirst gas, but not for the second ; and, conversely, 
piston b should give free passage for the second gas, but not for the 
first. Two piston rods, a and £, which pierce the two air-tight 
cylinder heads, serve ‘to carry the motion of the contents to the 
outside. At first the pistons should be pushed up close to each 
other ; then the first gas will exert a pressure on piston b, but not 
on a, ince it can freely pass through the latter; and conversely for a 
similar reason, the second gas, by virtue of i expansive force, will 
tend to move only the piston a. If we offer no resistance to the 
piston rods, this pressure action will cause the pistons to move to the 
ends of the cylinder, as is shown in Fig. 10; at the same time there 
has occurred the intermingling of the two gases If, conversely, we 
press in. the two piston rods, the first gas will offer resistance only to 
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the movement of piston b, and the second gas only to the movement 
of piston a; if we push back the pistons to their original positions, 
there occurs a separation of the gases, and, at the same time, we bring 
the two gases back to their original volumes. The process is thus 
completely reversible. 

Now the work which can be obtained by the intermingling is 
easily calculated: during the expansion each gas presses with its 
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actual partial pressure on the piston opposing its passage, and 
accordingly performs exactly the same work, as though the other gas were 
not present. Since the n, molecules of the first gas expand from v, to 
Vv, +v., the work performed by them according to p. 51 is 


A, =n RT In pS 


Vy 


and for the second gas the work is 
A, =n,RT In— 


and for the sum of the two 


ah 


Vo 


A=A,+A,=BT (nin * "2; n Jn 2) 


2 

This formula was first developed by Lord Rayleigh,’ but after- 
wards independently and more thoroughly by Boltzmann.? Of course, 
if the system were not maintained at.constant temperature, it would 
be cooled during the performance of the work, since there results no 
heat from the simple intermingling of the gases; under these cireum- 
stances, the equivalent quantity of heat would be absorbed from the 
environment, exactly as in the expansion or compression of a single 
gas. 

From the equation (p. 23), vizi— 


dA 
A-UsT os 


since in our case U is equal to zero (p. 51), it follows that 


dA 
A= Ta ar’ 
or integrated 


InA =InT + C, 


1 Phil. Mag. 49. 311 (1875). 2 Wiener Sitzungsber., 1878, Il. p. 788. 
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in which C denotes an unknown constant; from this it follows that 
Beall 


in which ¢ denotes a new constant. 

Thermodynamics confirms, therefore, the correctness of the result 
given above, inasmuch as it requires a ratio between A and the 
absolute temperature, which, in fact, coincides with the formula 
obtained by the method described. 


Though the derivation given above is extremely clear, yet it must not 
be overlooked that 2¢ cannot be used in demonstration until it has been 
proved that the semi-permeable walls used in the process can be realised 
in actual cases: thermodynamic considerations must not be developed by 
fictitious cyclic processes, but only by those which are possible in nature, if 
they are to attain to the rank of scientific proof, and not merely to that of 
arbitrary speculation. I would emphasise this the more, because hitherto 
the question of the practicability of the process in question has been disposed 
of rather too easily. Now, as “semi-permeable partitions” have played a 
very important part in many lines of research in recent times, and as their 
introduction has simplified calculation, a few words will be offered concerning 
their legitimate use in thermodynamic conclusions. 

For certain cases there are undoubtedly partitions having the quality 
desired ; thus, palladium foil at high temperatures possesses the property of 
allowing hydrogen to pass through easily, but of hindering other gases. A 
gas very soluble in water can easily diffuse through a membrane moistened 
with water, while a gas which is soluble with difficulty in water cannot so 
diffuse. Thus if a piece of moist pig’s bladder is tied over the mouth of a 
funnel, which is fixed with the mouth upwards, and with the tip in 
connection with a mercury manometer, and then ammonia gas is led under 
a jar held inverted over the funnel, a rise in pressure of a tenth of an 
atmosphere at once takes place, caused by the partial pressure of the diffused 
ammonia.! Thus the experiment shown in Figures 9 and 10 can be realised 
when we are dealing with the mixture of ammonia and hydrogen. At the 
same time it becomes probable in the highest degree that the formula (I.), 
obtained on p. 98, holds good universally, since it is strictly proved for 
one case, and it can hardly be assumed that a law of nature of that kind is 
dependent, so to speak, upon the casual question whether we possess the 
desired partition or not for all special cases. 

Another still more striking argument is that other cyclic processes have 
been devised by which the intermingling can be conducted isothermally and 
reversibly, and which lead to the same final result, as was thoroughly shown 
by Boltzmann in 1878. A cyclic process of this sort can be represented in 
a much simplified form, as it seems to me. Let us suppose that we have a 
solvent which easily dissolves one of two gases which are to be mixed, but 
the other with great difficulty. Thus water, for example, is a solvent having 
the desired properties for; the gas pair, nitrogen and hydrogen sulphide, and 
still better for nitrogen and hydrogen chloride. 

Suppose we are to consider the separation of hydrogen chloride and 


1 This is recommended as a simple lecture experiment. 
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nitrogen: we first bring the mixture of gases to a large volume V, and then 
connect it with a large volume of a water solution of hydrogen chloride, 
choosing such a concentration for the latter that the partial pressure of its 
hydrochloric acid is equal to the partial pressure of this gas in the gas 
mixture of volume V. Then if we bring the gas mixture and the 
hydrochloric acid solution into contact with each other, hydrogen chloride 
will neither enter nor leave the solution. Now we will compress the gas 
mixture, which is in constant contact with the solution, to a volume which 
is very small in comparison with the original volume V ; during this the 
hydrogen chloride will practically go completely into solution, Then we 
will separate the nitrogen, which remains behind in a state of almost 
complete purity, from the solution, and then will liberate from the solution 
the amount of hydrogen chloride dissolved ; thus the desired separation has 
been effected. If we neglect the vapour tension of the water, which can be 
done without doubt if we work at low temperatures, especially as the water 
vapour mixed with the two gases may be almost completely removed by 
compression, and if we also neglect the nitrogen dissolved in the solution, 
then it can be easily proved that the work expended in the separation of 
the gases is given by formula (L.). 

If we select a solvent in which the solubility of nitrogen cannot be 
neglected, but in which the solubility of the two gases is very different, we 
can effect the separation of the two gases isothermally and reversibly by the 
repeated application of a cyclic process similar to the one just described, 2.¢. 
by “ fractionation of the solution” ; and, without carrying out the caleula- 
tion, we can conclude from the second law of thermodynamics, that the 
work to be applied can be calculated from formula (I.), since its efficiency 
has been already proved for the mixture of nitrogen and hydrogen chloride. 

Now we can take any pair of gases, and can find some suitable solvent 
which will dissolve the two gases in different degrees, for otherwise they 
would be chemically identical; and thus a cyclic process can always be 
realised which can be calculated by formula (1.). This formula therefore 
holds good universally, and hence it 1s shown at the same time that it is 
permissible to work with semr-permeable partitions im all cases concerning the 
mingling or the separation of two gases which wre chemically different. 


The Physical Properties of Liquid Mixtures.—The relations 
of liquid and solid mixtures are more complicated than those of gases. 
The mixing of solids and liquids is usually accompanied by a change 
in the properties of the single components. The volume of the 
mixture of two liquids is in general different from the sum of the 
volumes of the individual ingredients, since the mixing is accompanied 
by a contraction or expansion, which is, however, usually not very 
considerable ; the colour, refractive index, specific heat, ete. of the 
mixture are also slightly different from that which would be calculated 
from the same properties of the ingredients, under the assumption that 
they remained unchanged on mixing. But one commonly obtains 
results at least approximately coincident by calculating, on this 
assumption, the properties of a physical mixture from those of the 
ingredients. 
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In accordance with a proposal of Ostwald, we will call properties 
of this sort additive ; the essential idea will be best made clear by 
examples. 

Many liquids can unite with each other, as also many solid bodies 
with liquids, to form homogeneous liquid aggregates, the volumes of 
which are very nearly equal to the sums of the volumes of the 
respective ingredients. If we denote the volume of the mixture by 
V, and the volumes of the particular ingredients by V,, V,, etc., then 
it is approximately true that 

V=V,+Vi+.... 

Let the weights of the particular ingredients be m,, m,, etc.; let 
us denote the volume of the unit of mass of the mixture, the so-called 
“specific volume,” by v, and the respective volumes of the particular 
_ ingredients by v,, v., etc.; then the preceding equation becomes 
v(m,+m,+. .)=vym,+V,m,+.. , 
or 

m, m, 
= + Vo = 
m+m,+ *m,+m,+ 


Vv 


The specific volume of the mixture can therefore be calculated from 
the specific volumes of the particular ingredients, by the so-called 
“partnership” calculation, viz. as though each particular ingredient 
entered the mixture with the specific volume which it had in the free 
state. The specific volume under these circumstances is an additive 
property. For purely algebraic reasons it follows, of course, that the 
specific gravity, which is the reciprocal of the specific volume, cannot 
be an additive property ;1 and this example teaches that it is often 
only necessary to effect an algebraic transformation of values deter- 
mined experimentally, to meet with much simpler relations. 

The heat capacity of a liquid mixture is likewise as a rule equal to 
the sum of the heat capacities of the ingredients. If we denote by ¢ 
the specific heat of a mixture containing m, g. of one ingredient of a 
specific heat c, and m, g. of another ingredient of a specific heat c,, 

_then according to the preceding law 


c(m, + m,) = ¢,m,+ Com, ; 
Ne C: 100m, ie . 
| but since ——* is.the weight per cent p of the first component, we 
mm, 
obtain, as the formula to calculate c— 
p 100-—p 
= Oy +0) 
3 = S100 7% 100 
As a matter of fact, in the case of particular mixtures, as, for 
example, chloroform and carbon disulphide, this calculation proves 


1 That is not, if as above the calculation is performed according to per cent by 
weight ; but it will be additive if caleulated according to per cent by volume. 
} 
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very good, the differences between the observed and the calculated 
values being less than one per cent; but in other cases, as in the 
mixture of acetic acid and water, the results are only approximate. 
Indeed, we find in the case of a mixture of alcohol and water, that the 
real specific heat is greater than it should be according to the preceding 
formula ; thus a mixture of equal parts does not have a mean of the 
specific heats, 


1:000 + 0°612 
9 


ya) 


= 0°806, but the specific heat is 0°910. 


Mixtures of salt and water have as a rule a considerably smaller - 


heat capacity than the sum of the ingredients, and sometimes even 
smaller than what should correspond to the amount of water contained 
in the mixture (Thomsen, 1871; Marignac, 1873). In the case of 
solutions not too concentrated, one can estimate the heat capacity as 
nearly equal to that of the contained water, a very important rule for 
practical thermochemistry. 

The optical relations of mixtures have been investigated with 
especial thoroughness ; these will be dealt with in the next paragraph. 
It need only be noticed here that except in one case, exact research 
has always brought to light differences, exceeding the limits of error, 
between the results of observation and those calculated on the 
assumption of a simple additive relation. From all that we know up 
to date, in the case of liquid and solid mixtures, there is only one 
strictly additive property, that of mass, which of course, both in a 
simple mixture and in the case of a chemical compound, must remain 
unchanged, according to the law of the indestructibility of matter. 

There can be no doubt that the deviations observed in the simple 
additive relations of liquids will some day be of great significance in 
determining the nature of the force concerned in the mixing of two 
liquids, and of the kind of mutual action occurring. That commonly, 
and especially in the use of water in particular as a solvent, there 
occurs a chemical action, i.e. the formation of new molecules or the 
splitting of those previously existing, and that the reactions in ques- 
tion are incomplete (see Book IJ. Chapter II.) can hardly be doubted, 
but hitherto it has been impossible to prove this with certainty. 
Perhaps this much may be maintained, that when the properties of 
the mixture differ very considerably from the mean value a chemical 
action is probable; and that in such mixtures there is a certain 
parallelism between the variations attending their different properties ; 
at least in those mixtures where we find a strong contraction, 7.e. where 
the specific volumes are not simply additive, the specific heat seems 
also to be considerably removed from the mean value. But the fact on 
the other side, that certain compounds, which are undoubtedly chemical, 


show properties having an additive character, warns us not to be prema- — 


ture in drawing conclusions like the above. (See Book II. Chapter V.) 
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The Optical Behaviour of Mixtures.—The specific refractive 
power of a mixture, by which is meant the quotient of the refractive 
index minus one, divided by the density [2.c. aes ], can be determined 
from the corresponding values of the particular components in exactly 
the same way as the specific volume ; and as Landolt} has shown, the 
calculated value of the specific refractive power of the mixture coin- 
cides so well with that determined experimentally, that we can, 
conversely, usually determine with great certainty the composition of 
a mixture from its optical behaviour. This example shows how 
sometimes a skilful combination of two physical properties (in the 
preceding case the refractive index and the specific gravity), leads to 
simple and universal relations. 

If we denote by n the refractive power of a mixture, measured 
for any selected line of the solar spectrum, and if the specific gravity 
of the mixture is d, and it contains p per cent by weight of one 
ingredient and 100 — p of the other ; and moreover, if the correspond- 
ing values for these ingredients when pure are n, and d, and n, and d, 
respectively ; then the specific refractive power of the mixture can be 
calculated by the formula 


7-4 + a“ 
d e100) dye 4100 
As an example of the accuracy with which this formula corresponds 
to observations there is given the following series of measurements 


of mixtures of ethylene bromide and propyl alcohol, for the tempera- 
ture 18°07° and the sodium line.? 


Tur RerractiveE Powers or Mixtures or ETHYLENE BROMIDE 
AND Propynt ALCOHOL. 


Ethylene Bromide Sp. Gr. Refraction este lae 
per cent (p). Coefficient. Dif. L Our tr. 
| 

0 F 0°80659 1°386161 0°00000 0°00000 
10:0084 0°86081 1°391892 + 32 - 1 
20°9516 0°92908 1°399136 + 66 - 3 
29°8351 0°99300 1°405958 + 95 ~ 5 
40°7320 1'08453 1:415815 + 128 - 12 
49°9484 117623 1°425748 + 155 - 18 
60°0940 1°29695 14439018 + 71 - 34 
7070123 1°44175 1°455063 + 180 = 46 
80°0893 1°62640. 1°475796 + 169 | = 57 
90°1912 1°86652 1°503227 + 116 = 59 
100 2°18300 1°540399 000000 0:00000 


1 Lieb. Ann. Suppl. 4. 1 (18665). Also compare Gladstone and Dale, Phil. Trans., 
1858, p. 887. 

2 Schiitt, Zeitschr. phys. Chem. 9, 349-377 (1892). For an extended form of the 
law of mixtures, from the introduction of a new constant, compare Pulfrich, 7d. 4, 161 
(1889), and Buchkremer, 7). 6. 161 (1890). 
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In the fourth column are given the differences between calcula- 
tion and observation, which are obtained when the values of n are 
calculated according to the preceding formula, from the experimentally 
determined values of p, n,, n,, d,, d,, and d. The differences all lie 
on the same side, and almost reach two units of the third decimal 
place, thus being a hundredfold greater than the errors of observation, 
which can be assigned as + 0°000082. We conclude from this example — 
that the law of mixtures just described by no means represents a strict 
law of nature, but yet that as an approximate rule can frequently find 
practical application. 

Now it has been investigated whether another function of the 
refractive power may be better suited to represent the phenomena, 
and in fact H. A. Lorentz and L. Lorentz (1880), guided by certain 


: : : «2 ee ae 
theoretical considerations, found that the expression a 75 q's more 


0) aed aa F 
accurate than the expression AL? although it is not so simple. In 


the last column of the preceding table are given the differences between 
calculation and observation, which are obtained by solving the value of 
n from p, n,, ny, d,, d, and d, by the formula 

ed ae Pp _By at 100 spe 

n+2°d n2+2°100d, n,?42° 100d, 7 
as a matter of fact the result so obtained coincides much better with 
experiment. 

These results have a certain practical interest to this extent; by 

means of the law of mixtures, 


Pp 100-—p 
Roo te TOO 


in which the specific [refraction R denotes either z 


-] Dy eae 
daa 
we can calculate the specific refraction of one ingredient from that of a 
mixture, provided the composition of the mature and the refraction of the other 
ingredients are known. Although this method of calculation may give only 
approximate results, it is of great value for the question of the relation 
between specific refraction and chemical composition, for by its means we 
can deduce the specific refraction of a substance which cannot be obtained 
pure in the liquid condition, but only in the presence of a solvent. 
Finally, it has been attempted to obtain results harmonising better 
with experiment, by introducing into the formula for the rule of 
mixtures certain constants suitably chosen for each particular case ; 
n,-1l 1 oe 
ERNIE let R= Rem er! But how- 
ever useful such an equation may be as an exact interpolation formula. 
in special cases, it would only be of general interest when from the 


thus, for example, instead of 
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deviations from simple additive relations given by the numerical 
value of these constants a deeper insight could be obtained into the 
nature of the mixture under investigation. 


. One-sided Properties.—In the study of the relations of mixtures 
| those physical properties are especially important which belong to 
! only one compound of a mixture ; if, for example, we mix a coloured 
| with an uncoloured substance, or one optically active with one optically 
inactive, we can obviously decide with certainty whether a change of 
property oceurs by such a mixture or not; and therefore in ‘such 
cases we would have the best chance of arriving at a general stand- 
point. If, for example, we find that the refractive power of a mixture 
is the same as that calculated on the supposition of a simple additive 
' relation, then it is certainly probable, but by no means strictly proved, 
~ that the specific refractive power of each component in the free state 
remains unchanged in the mixture, since it is possible that the property 
of one component might have increased to the same degree to which 
that of another has diminished. But if, for example, the specific 
rotatory power of an active substance in the mixture is exactly the 
same as in the free state, then the conclusion is unavoidable that every 
molecule rotates as strongly in the mixture as in the free state. 
In fact, “one-sided properties” of this sort, as they are called, are of 
the greatest importance in the investigation of solutions; besides 
the rotation and the absorption of light, there should be mentioned 
particularly the electrical conductivity and the osmotic pressure of 
dissolved substances. 

An investigation of the optical properties just referred to has 
shown that the absorption of light is often greatly altered by inter- 
mixture with colourless liquids; as a rule, but not always, the 
absorption bands of a dissolved substance are displaced the more 

_toward the red end the greater the refractive power of the solvent. 
(Kundt’s rule.)! Also, as a rule, the optical rotation of active molecules 
is greatly influenced by the presence of inactive molecules ; and this 
influence, which may consist in a strengthening or a weakening of 
the rotary power, varies with the quantity of the inactive substance 
added ;* general regularities have not as yet been found. We may 
fairly assume that every important influence of this sort in mixtures 
may be ascribed t6 the formation of new molecular groupings by 
incomplete reactions. 


The Vaporisation of Mixtures.—One property of liquid mix- 
tures, which changes wath the proportions of the ingredients in a much 
more complicated way’ than those hitherto described, is their vapour 


1 Compare P. Stenger, Wied. Ann. 33. 577 (1888). 
iy 2 Por further particulars see Landolt, Optisches Drehungsvermégen organischer 
4 | Substanzen, eeerick, 1898, p. 146 ff. 
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pressure. The vapour emitted by a mixture will in general have the 
same components as the liquid remaining behind: the ingredients 
exert therefore partial pressures, the sum of which is the vapour 
pressure of the mixture. Sometimes, of course, the volatility of 
one ingredient is so very small that its pressure can be neglected ; 
thus the vapour pressure of water solutions of salts is simply 
equal to the pressure of the water vapour in equilibrium with the 
solution. 

The following law holds good universally, and is of fundamental 
importance: the partial pressure of each component of a mixture is always 
smaller than its vapour pressure in the free state (liquid or solid) at the same 
temperature. If this were not the case the vapour of the component 
whose partial pressure was greater than in the pure state would be 
supersaturated ; it would deposit from the vapour, and we should thus 
have spontaneous separation of the mixture. But this would mean 
that a self-acting process—the formation of a mixture—was reversed 
without any compensation, and this is not possible (see also below on 
the thermodynamic treatment of liquid mixtures). In the following 
chapters we shall see that the vapour pressures of dilute solutions 
follow very simple laws. 

On the basis of the law given above we may predict the following 
behaviour of mixtures of two liquids which dissolve each other im all 
proportions: If we add to aliquid A a small quantity of another liquid 
B, then on the one hand the vapour pressure of A will be diminished, 
and on the other hand the total vapour pressure of the resulting 
solution will be increased by the circumstance that the quantity of B 
dissolved also gives out vapour; moreover, the partial pressure of B 
in the vapour existing in equilibrium with the resulting solution will 
be so much greater as the coefficient of solubility of the vapour of B in 
the liquid A is smaller. According as the first or second action of 
the added liquid preponderates, the vapour pressure of the solution 
will be smaller or greater than that of A. Of course the same holds 
good for the solution arising from the addition of a slight quantity of 
A to B, which likewise, according to circumstances, can have a smaller 
or a greater vapour pressure than the liquid B in the pure state. 
But now since the properties of mixtures must always vary with the 
composition, we must distinguish the three following characteristic 
cases when considering the dependence of the vapour pressure upon 
the varying proportions of the two liquids :— 

I. The vapour of A is easily soluble in B, and that of B in A. 
Then a slight addition of A to B, as also of B to A, will cause the 
vapour pressure of the resulting solution to fall. If we start with the 
pure solvent A (the vapour pressure of which at the temperature 
employed amounts to p,), and add in succession small but increasing 
quantities of B, then the vapour pressure will at first diminish, will 
reach a minimum, then will begin to increase, and, finally, on the 
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addition of large quantities of B will approach the vapour pressure p,, 

that of the pure solvent B. 

Il. The vapour of A is only slightly soluble in B, as well as that of 
Bin A. Then the addition of a slight amount of A to B, as well 
as that of B to A, will cause the vapour pressure of the resulting 
solution to increase. By the gradual addition of B to A the vapour 

’ pressure of the solution will at first become greater than p,, will then 
reach a maximum, and, finally, by the addition of a great excess of B, 
will sink and approximate the value p,. 

III. The vapour of the first liquid is easily soluble in the second, 
but that of the second is soluble with difficulty in the first. Then by 
the addition of a slight quantity of B to A the vapour pressure of the 
resulting solution will be slightly smaller ; by the addition of a small 
quantity of A to B it will 
be slightly greater than 
that of the pure solvent. , 
Now if the vapour pressure Ch 
p, of A is greater than p, 
of B, then by the successive 
additions of B to A the 
vapour pressure of the solu- 
tion will fall, passing con- 
tinuously without maximum 
or minimum from p, to p, 
(iI1.*). But we can im- 
agine a case where the first 
addition of B to A would 
raise the vapour pressure, 
but that of A to B diminish 
it; then by the gradual 
addition of B to A the vapour pressure would at first increase, reach 
a maximum, then decrease till it became smaller than p,, pass a mini- 
mum, and finally, with the great excess of B, would approach the 
vapour pressure p, (III.»). 

These various relations have been explained by the excellent theo- 
retical and practical work of Konowalow ;1 the curve tracings (Fig. 11) 
will assist the general statement. The abscisse are the varying pro- 
portions of the mixture in percentages of B; the ordinates are their 
varying vapour pressures. Case I. illustrates mixtures of formic acid 
and water from the measurements of Konowalow ; Case IL, of water and 
propyl alcohol from the same source ; Case III.*, from the same, experi- 
mentally proven for ethyl or methyl alcohol and water. The dotted line 
curve illustrating Case III.», so far as I know, has not been realised.’ 


1 Wied. Ann. 14. 34 (1881). ; 

2 Ostwald has shown (Lehrb. d. allg. Chem. 2nd ed., II., 2. 642 (1899) that this case 
is only possible for dissociating vapours; a very clear account of the evaporation of 
mixtures, including some new matter, is given (p. 617 ff.) in that work. 
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The Theory of Fractional Distillation—We can now easily 
perceive what must be the relations in the isothermal evaporation of a — 
solution, which we can imagine to be effected by the raising of a piston . 
in a cylinder containing the solution. In general the vapour of the ~ 
solution will have a different composition from that of the solution 
itseli, and therefore as a result of the evaporation, the composition 
and, at the same time, the vapour pressure of the solution will vary. 
Now the change in composition of the mixture must be such that iis 
vapour pressure is diminished by the evaporation. It this were not the 
case, but if the pressure increased on raising the piston, and de 
creased on lowering it, a stable equilibrium between the pressure on 
the piston from the vapour and that exerted from without would be 
impossible. The evaporation proceeds in such a way that the more 
volatile ingredients evaporate first. Thus in Case I. the mixture must 
remain behind with a minimal vapour pressure; in Case IL, one of 
the two solvents, according to the relative proportions of the original 
solution ; in Case III.*, since we neglect the Case IIL®, which is not 
as yet realised (and may be unrealisable %), after a sufficiently long 
evaporation, that solvent with the smaller vapour pressure remains 
behind. 

In practical laboratory work one does not as a rule boil and distil 
the mixture at constant temperature, but nearly always at constant 
pressure, that of the atmosphere. Since, as a rule, the vapour has a 
different composition from the remaining solution, we possess in this 
operation one of the most important and convenient methods of ~ 
separating substances. Of course the separation will never be com- 
plete by one distillation, but may usually be carried to a high degree 
by interrupting the process and separating the parts which pass over at 
the successive temperatures (“fractional distillation ”), and by suitable 
repetition of the operation. From the law that a change of composition 
of the solution must result in decreasing the vapour pressure, it follows 
in this case that the boiling-point must rise during the distillation. We can 
now easily see that, in Case I., we will finally obtain, as the least volatile 
residue, the mixture with the minimal vapour pressure, while the 
product of the fractional distillation, if this is repeated often enough, 
will be one of the pure solvents; and that component will form the 
ultimate distillate, which was present originally in a larger proportion 
than that required by the mixture of minimum vapour pressure. In 
Case II., on the other hand, one obtains, as the final distillate, a mixture 
corresponding to the maximum of vapour pressure, and as the less — 
volatile residue, that one of the pure solvents which was present in 
excess. Only in Case III is it possible to effect a complete separation 
of the two ingredients of the mixture by repeating the operation 
sufficiently. 

It is thus possible to obtain, under certain definite conditions, 
which will be discussed later, mixtures having constant boiling-points : 
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such mixtures, as, for example, the aqueous solution of hydrochloric 
acid which distils at constant boiling-point, have occasionally been 
wrongly considered chemical compounds (hydrates), since their chief 
characteristic was the property of being unchanged by distillation. 
Apart from the fact that this property of a mixture is due to the, so 
to speak, casual coincidence that the partial pressures of the two 


ingredients of the mixture stand in such relations that the vapour 


emitted has the same composition as the mixture itself, it must also 
be remembered that the relative proportions of the ingredients change 
with the pressure at which the distillation is conducted, which is not 
the case with genuine chemical compounds. 


A quantitative theory of fractional distillation, which, however, is only 
applicable to Case III.*, is given by Barrell, Thomas, and Young (Phil. Mag. 


[5], 37. 8 (1894)); it rests on an assumption justified by the experiments 


of F. D. Brown (Trans. Chem. Soc, 1879, p. 550; 1880, pp. 49, 304; 
1881, p. 517), that the ratio of the components passing off in vapour at any 
moment is proportional to the ratio of the components in the boiling liquid. 
Thus if x and y are the masses of the components in the liquid, the 
quantities dx and dy passing off as vapour satisfy the condition 


where ¢ is a constant factor depending on the nature of the liquids. 
See also their researches on the separation of ternary mixtures by distillation. 


The Thermodynamic Treatment of Liquid Mixtures.—In 
the preparation of a mixture, a certain amount, Q, of heat will usually 
be developed or absorbed. The external work performed, which is 
measured by the product of the external pressure and the change of 
yolume, has a negligible value, so that we can make the diminution 
of the internal energy U, as a result of the mixing, equal to the heat 
of mixture Q; this can be experimentally determined by means of a 
very simple calorimetric measurement ; hence 


U=Q: 

If there are x mol of the second component to 1 mol of the first, 

then Q is a function of x, i.e. 
U= Q(x); 

this can sometimes*be expressed by a simple formula; thus the de- 
velopment of heat observed on mixing 1 mol of H,SO, with x mol 
of water was found by J. Thomsen! to be very accurately expressed 
by the formula, 
: 17,860x 
xt 


Q(x) = 


1 Thermochem. Untersuchungen, Ba. II. 34. 
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The variation of the heat of mixture with the temperature is given 
by the difference between the heat capacities of the components and 
of the mixture: if K, denotes the heat capacity of the components 
before the mixture, and K that of the liquid resulting from their 
mixture, then we have 


dU dQ 
at ate 
This equation shows that only when 
EN on cok ae 
dt 0 can K=K,; 


ig. it leads to the necessary and sufficient condition for the specific 
heat of the mixture to be capable of being calculated additively 
from that of the components (p. 101). 

Very much harder, but very much more important, is the deter- 
mination of the diminution of free energy associated with the inter- 
mixture ; to calculate this we must find some way to accomplish the 
intermixture isothermally and reversibly; if it is possible to find . 
several methods of this sort, then all must give the same result, a 
law which will give particularly valuable results in the discussion of 
dilute solutions. Now as a matter of fact the process of mixing two 
liquids, which takes place spontaneously when the liquids are brought 
into contact (provided they are mutually soluble), can be conducted 
isothermally and reversibly in very many ways, namely by isothermal 
distillation (Kirchhoff), by electrical transference (Helmholtz), by osmose 
(van’t Hoff), by selective solubility, and the like. But since these methods 
for the most part first found practical application in the case of 
dilute solutions, which will be thoroughly treated in the following 
chapter, there will be given here only a short description of the method 
which is most universal and most important, namely that of mizture 
by means of isothermal distillation. 

We will take, as the basis of our considerations, the mixture formed 
by mixing 1 mol of the first component with x mols of the second, 
and we will also assume that the gas laws are applicable both to the 
vapours emitted by the mixture, and also to the vapour emitted by 
each component. If necessary, the formule can be easily generalised 
for the case that another equation of condition—an equation of dis- 
sociation, or the van der Waals’ equation, for example—holds good for 
the vapour. 

Now let us imagine two semi-permeable partitions, brought into 
the space over the mixture, one of which is permeable by the vapour 
of the first, the other by that of the second ingredient. The vapour 
emitted by the mixture contains both ingredients; let p be the 
pressure of the first ingredient of the saturated vapour standing in 
equilibrium with the liquid mixture, at the absolute temperature T ; 
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and let P be the pressure of the second ingredient ; then, according to 
Dalton’s law, P + p is the maximal pressure of the mixture. Let the 
two ingredients in the pure state have the pressure p, and P, 
respectively at the same temperature. 
Now let us imagine the following process to take place :—We will 
allow 1 g.-mol of the first component, in the pure liquid state, to 
“evaporate to saturated vapour ; the work thus obtained will be— 


PoYo = RT ; 


then let it expand till the pressure p, shall have fallen to p, whereby 
the work performed by the gas will be— 


RT In &, 
p 


finally, bring it into contact with the membrane which is permeable by 
it and compress it; in consequence of this, it passes through the 
membrane and is condensed in the mixture; if this condensation is 
performed under constant pressure p, the external work, py= RT, is 
necessary. 

In order to realise the condition that the composition of the 
mixture, and hence that the value of p, shall not change during this 
condensation, we cause x mol of the second ingredient to evaporate 
at the same time; thus we obtain the work, 


xP,V,=xRT ; 


and if we let this expand from the pressure P, to P, there is performed 
the work, 

xRT In 9 B 
we then condense it simultaneously with 1 g.-mol of the first ingredient 
by forcing it through the second semi-permeable partition. The two 
vapours meet in the space enclosed by the two semi-permeable mem- 
branes with the pressures P and p. Thus we have it always completely 
in our power to send through the partitions such quantities that there 
_ will condense a mixture having the composition just described ; and 
if we do this, 1 g.-mol of the first ingredient condenses under the 
constant pressure p, and x g.-mol of the second under the constant 
' pressure P; as just stated, the external work needed to condense the 
first is RT, and for the second 


xPV =xRT. 


Hence in the transference of 1 mol of the first component to the 
mixture the external work 


RT+RTm™—RT=RTIn 
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is performed by the system, and in the transference of x g.-mol of the 
second ingredient the work ; 
xRT + xRT In = -xRKT=<xRT ln = 

is performed ; the sum of the work is therefore 

RT(InP2 +xin n=), 

Pp P 

Now, since the processes above described can all be completed rever- 
sibly and isothermally, the last expression corresponds to the maximal 
external work or the diminution of free energy A. The latter, which 
may be suitably designated by A (x), thus becomes 


Sere RD(In PP x In BB: a 


and therefore 
A(x) _ =R (in Po In ae Ree (in Be — +x In = 
p P . 


dT P dl 
Introducing this into the formula (p. 23), 
dA 
Ae Top , 
and remembering that U = Q(x) (p. 109), we have 
d Po 
OG) ae RTA : 2) fa 
Q(x) RT at in . +x.In P (2) 


This formula affords the calculation of the heat of mixture of two 
liquids from the temperature coefficients of their vapour pressures and 
that of their mixture and the pressure of the vapour emitted by the 
mixture. : 

A(x) can also be found by allowing x g.-mol of the second 
ingredient to distil over into 1 g.-mol of the first liquid ingredient ; 
then the vapour pressure of the second ingredient in the mixture rises 
from 0 to P, and the work obtained thereby is given by the integral, 


A(x) = RT| In Bax . ae (3) 
, . 


in the evaluation of which P must be known as a function of x. 
A(x) can be similarly found by allowing J mol of the first liquid 
to distil over into x mols of the second, hig 


A(x) = re | In Pogy, 
T 
0 


To evaluate this integral we must know the partial pressure a of the 
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first component as a function of the number of mols. vy which mix 
~ with x mols. of the second ingredient. 
From (1) and (3) we obtain 


ei fo [ in Flax. 
Pp PY 


Introducing this into (2), we obtain 


Q(x) = - RT?,,, E J In Fog 


dT Boy? 
or, differentiated for x, 
an? 
eae 
eet) ae oT 


‘| This last equation, which can be easily derived directly by con- 
sidering the isothermal distillation of one component into a large 
_ quantity of the mixture, was first derived by Kirchhoff,! and is a special 
case of the preceding generalisation ; it was applied by him to the 
calculation of Regnault’s vapour-pressure curve, for mixtures of water 
and sulphuric acid, the heat of mixture of which is known (p. 109) ; 
the calculation gives a fairly satisfactory result. 


The physical significance of oe is given by the development of 
heat observed on the addition, for Dao of 1 mol. of water to a very 
large quantity of a mixture having the composition of H,SO, + xH,0. 
Now, if we try to calculate this quantity of heat from Regnault’s 
vapour pressures of such a mixture, and from those of pure water, we 
obtain results widely differing from the truth.2 This is due to the 
¥ fact that small variations in the value of P—the measurement of which, 
f by the way, is very difficult—change the results of the calculation 
_ very greatly ; this is also the reason why hitherto a successful quanti- 
} tative application of Kirchhoff’s formula to the calculation of the heat 

_ of dilution has been made impossible by the difficulty of measuring 
} the vapour pressures of mixtures with sufficient accuracy. But it can 
_ be at any rate qualitatively inferred from Tammann’s® measurements 
_ that, in accordance with Kirchhoff’s formule, in those cases where 
| addition of water peyelens heat-({as H,SO,, CaCl,, and the like), 7e. 
__ where 


¢ 1 Pogg. ‘Min: 104. (1856) ; Ges. Abh. p. 492. 
2 Compare R. von Helmholtz, Wied. Ann. 27. 542 (1886). 
3 Mem. d. Petersburger Akad, 35. No. 9 (1887). 
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53 re ce ., 
also, the so-called “relative 


the value of and accordingly = 


Po 
c 
lowering of the vapour pressure,” decreases with increasing temperature ; 
but that these values increase with increasing temperature when addi- 
tion of water causes an absorption of heat. 


The above formule show, as was first pointed out in the second edition 
of this book, that the composition of the vapour can be calculated when the 
vapour-pressure curves of the components (solid or liquid) are known, and 
the partial pressure of one component as a function of the composition of 
the liquid. A number of other deductions will be found in Duhem, “Solu- 
tions and Mixtures,” Jrav. et Mém. des facultés de Lille, Nos, 12 and 13 
(1894); also M. Margules, Wien. Ber. 104. 1243 (1895), who calculated 
examples. See also Lehfeldt, Phil. Mag. [5], 40. 397 (1895), and Dolezalek, 
Z. phys. Chem. 26, 321 (1898). 

On differentiating (1) and (3) we get from (1) 


dA dln p d In P 
Teak - P+ in P 3K Sha r), 


dx EROS lis 
from (3) 

dA 

,—=PT In P, - RT In P, 


bbe 
whence follows at once the differential equation given by Duhem (loc. ctt.)— 


Cllr jae wel bite 
+X =i0 
dx dx 


For applications of this equation see Gahl, Zeitschr. phys. Chem. 33. 178 
(1900); and Zawidzki, zbid. 35. 129 (1900). 


The Critical Point of Mixtures.—In the warming of mixtures 
there are observed the same characteristic phenomena which we have 
called “critical” (p. 64). Of the critical data of mixtures, only the 
temperature has been measured to any great extent; the results have 
shown ! that the critical temperature t, of a solution containing n per 
cent by weight of one liquid having the critical temperature t,, and 
100—n per cent by weight of another liquid having the critical 
temperature t,, can be calculated by the mixing rule, 

4— net (100 — n)t, 
100 
This formula can also be used conversely to calculate the critical 
temperature of one ingredient, provided that of the mixture and also 
that of the other ingredient be known. 

G. C. Schmidt ? has found the preceding rule very well established 
for a number of mixtures, which places the critical point on the list of the 
additive properties ; the variations between calculation and experiment 


1 Pawlewski, B.B. 16, 2623 (1883). 2 Lieb. Ann. 266. 266 (1891). 
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never amount to more than 4°, and as they lie irregularly on both 
sides of the mean, it is possible that they may be explained as due, 
at least in part, to the uncertainty of observation. 

Kuenen! has recently found that the critical temperatures of 
certain mixtures, as of ethane and nitrous oxide, sometimes lie con- 
_ siderably below that of the components. 


Isomorphous Mixtures.—The capacity of two crystallised sub- 
stances for uniting to form a homogeneous mixed crystal, is observed 
quite rarely, although this property is not so exclusively limited to 
substances related chemically and crystallographically (i.c. substances 
possessing the same properties of symmetry and almost the same 
geometrical constants), as was formerly supposed; but since it has 
been found that pairs like albite and anorthite, ferric chloride and 
ammonium chloride, tetramethylammonium iodide and chrysoidine 
_ hydrochloride, etc., are able to form mixed crystals, substances there- 
fore in which one seeks in vain for any analogy of composition and 
constitution,? no doubt can be entertained that further investigation 
will considerably increase the list of such instances. (Compare the 
section on Isomorphism, Book II. Chapter I.) 

It is undeniable that such solid mixtures are to be classified with 
liquid mixtures in many respects, just as certain liquids, as for 
example water and alcohol, are miscible in all proportions, while others 
are of limited miscibility, as for example water and ether, which are 
able to dissolve each other only slightly ; so we also find substances 
which can crystallise together in all proportions, as for example the 
alums, and also other substances where gaps exist in the series of 
mixtures, as for example the sulphate and the selenate of beryllium. 

Very often two salts can crystallise together in molecular propor- 
tions when they have otherwise only a partial, and sometimes hardly 
“any recognisable miscibility in each other; this “double salt” forms a 
particular point in the gap exhibited by the series of mixtures. An 
analogy to this in many respects is found in certain pairs of liquids 
which dissolve each other only to a limited degree, and which at 
the same time are able to form a homogeneous molecular mixture 
in the shape of a chemical compound. Thus, for example, amylene, 
C;H,), and water, H,O, are almost mutually insoluble towards each 
other ; yet they are ‘able to unite with each other in molecular pro- 


ha portions to form amyl alcohol, C,H,, + H,O =C;H,,0, and thus this 


substance appears as a particular point i the gap exhibited by the 
series of mixtures of amylene and water. But, of course, the question 
whether the kind of chemical union in the two cases is not essentially 
different cannot be determined by this analogy. 
Moreover, the property of water of uniting in molecular proportions 
1 Phil. Mag. 40. 173 (1895). 
2 See! ely the work of O. Lehmann, Molekular-physik., Bd. I. and II, 
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with many substances, as water of crystallisation,—a property, by the 
way, not limited to water alone, as is shown by alcohol of crystallisa- 
tion, benzene of crystallisation, ete.,—may be compared with the formation 
of double salts. 

Of course, the relations of crystallised mixtures are more complicated 
than those of liquid mixtures, since the crystal form is a new factor of 
considerable significance. Following a classification given by Retgers,* 
I give here a list of the different cases observed in the mutual miscibility 
of two crystalline substances. 

1. The two substances form a complete series of mixtures, 7.¢. it is 
possible to make mixed crystals of them in every desired proportion ; 
pure isomorphism. Example: ZnSO,-7H,O and MgSO, - 7H,0. 

2. On account of slight differences in the crystal angles or in the 
molecular volume, the two substances can intermix only to a limited 
degree ; this case also is usually called pure isomorphism. Examples : 
KCI1O, and TIC1O,, BaCl, - 2H,O and SrCl, - 2H,0. 

3. The different substances have forms more or less different, but 
mix with each other in considerable quantities; the gap in the series 
of mixtures is relatively small. Example: NaClO, regular and 
AgClO, quadratic. 

4. Intermixture occurs only to a very slight extent, and can be 
recognised only by micro-chemical reactions on fragments free from 
inclusions ; the gap in the series is relatively very large. Example: 
KNO, and NaNO,. 

Cases 3 sine 4 are ristantess of Iso-di-morphism; this is the 
phenomenon where both of the two different substances occur in two 
erystal modifications which are isomorphous in pairs. Very often the 
two modifications are not both known in the free state, but one may 
be known in the form of an isomorphous mixture. Thus in such 
mixtures as are instanced in 38 and 4, that substance which is in excess 
forces its crystal form in some degree upon the other substance. 

5. There occurs an isolated double salt standing in the middle of 
the series, which crystallises differently from the end members, and 
does not mix with either of the simple salts; the gap between the 
end members is usually very great. The recognition of this case is of 
great importance, since by a superficial examination of the double salt, 
and especially if it resembled one of the end members, one would easily 
mistake it for an isomorphous mixture, and the phenomenon as one of 
pure isomorphism, 

(Example: Calcite and eee which crystallise in molecular 
proportions, as dolomite.) 

6. The two substances do not mix with each other appreciably. 

In order to decide the degree of miscibility by a practical case, 
according to Retgers, one should prepare a number of solutions hold- 
ing each ingredient in greatly varying proportions, and by evaporation 

1 Zeitschr. phys. Chem. 5. 461 (1890). 
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of the solvent obtain crystals which should then be investigated. In 
order to obtain a product as homogeneous as possible, it is best to use 
a large quantity of solvent, and to study only the crystals which 
separate first. For the more the composition of the solution changes 
with the separation of the earlier portions, the greater is the danger 
of the formation of heterogeneous products. 

Hereafter by an “isomorphous mixture” will be understood a mixed 
erystal, the composition of which is capable of a constant change 
within certain limits large or small; every member of a complete or 
incomplete series of mixtures is thus an isomorphous mixture, but not 
the isolated double salt. 


The Physical Properties of Mixed Crystals.—The analogies 
between a liquid and a solid mixture extend thus far, that in both 
cases many properties of the mixture are additive, i.e. they can be 
calculated from the properties of the particular ingredients according 
to the so-called ‘‘ partnership ” calculation (p. 101). 

This holds good especially for the volume of mixed crystals, which 
is frequently equal to the sum of the volumes of the ingredients in 
the free state ; in other words, in the intermiature of two crystals there is 
observed neither contraction nor dilation. As an example, there is given 
below a table of the specific volumes of mixed crystals of potassium 
and ammonium sulphates, by Retgers,| to whom we are indebted for 
these very exact measurements. 


| 
Composition. Spec. Volume. 
. Difference. 
(NH4)2804. KyS04. Obs. Cale. 

0 100 0°3751 (0°3751) ae 
5°45 94°55 0°3885 0°3855 +0°0030 
8°33 91°67 0°3879 073906 — 00027 
15°03 Z 84°97 04042 0°4037 +0°0005 
18°45 81°55 0°4080 0°4098 — 0:0018 
20°55 79°45 0°4112 0°4138 — 0°0026 
26°47 73°58 0°4270 0°4250 +0°0020 
~ 29°30 70°70 0°4305 0°4307 — 0°0002 
42°67 57°33 0°4572 0°4556 +0°0016 
65°35 34°65 0°4990 074988 +0°0002 
83°37 16°63 05311 — 0°5324 — 070013 

100 0 0°5637 ' (075637) ae 


> 


Although the law given above, as far as known, holds good and 
with great exactness for the case of isomorphous mixtures, yet a 
modification is necessary in the case of so-di-morphous mixtures. Thus 
the sulphates of magnesium and iron, MgSO,-7H,0, and FeSO,- 7H,0, 

1 Zettecher, phys. Chem. 8. 497 (1889) ; see also 8. 289; 4. 189; 5. 486; 6, 193 
(1890); 8, 6 (1892). 
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the first being orthorhombic, the second being monoclinic, are able 
to form orthorhombic and monoclinic mixed crystals, and yet are 
miscible to only a limited degree, since mixed crystals containing more 
than 54 per cent, and less than 81°22 per cent of magnesium sulphate 
cannot be obtained, at least at ordinary temperatures ; and, moreover, 
the mixed erystals having the magnesium sulphate in excess are 
orthorhombic, and those having the iron salt in excess are monoclinic. 
If the specific volumes of the mixed: crystals are caleulated from those 
of the two salts in the pure state (Fe 0°5269, Mg 0°5963), one-sided 
deviations are met with; but if the specific volume of the iron salt 
in the orthorhombic crystals is taken as 0°5333, and that of the mono- 
clinic crystals as 0°5269, and similarly the volume of the magnesium 
salt in the monoclinic crystals as 0°5914, and in the orthorhombic 
crystals as 0°5963, the deviations vanish almost completely. It is 
very probable that the two values assumed above represent respectively 
the specific volume of theoretical orthorhombic iron, and of the mono- 
clinic magnesium salts which have not yet been produced in the free 
state. Probably in general every salt in iso-di-morphous mixtures possesses 
a specific volume more or less different from that in the free state ; this is in 
harmony with the fact that di-morphous modifications in the free 
state have different specific gravities. 

It follows from the observations of Dufet (1878), Fock (1880), 
Bodlander (1882) and others that the optical properties of mixed 
crystals are emphatically additive ; but of course the crystal structure 
is attended with certain complications.* 


Fusion and Solidification of Mixtures.—Investigation of the 
laws regulating the solidification of liquid mixtures is of much practical 
importance, on account of the method of fractional crystallisation that 
is so often used. The theory of this phenomenon cannot be developed 
so far as that of fractional distillation, at present, and also experimental 
study is still much needed. Still the leading principles are well 
established and will be given here. 

When a mixture freezes the solid deposited may be homogeneous, 
i.e. it may be a single component of the liquid, or an isomorphous 
mixture ; or else more than one solid may separate at the same time ; 
thus from an aqueous solution either ice, salt, or hydrate may crystallise 
out, or more than one of these may appear together. In this lies a 
complication that is absent in evaporation, for gases are always homo- 
geneous. 

We will take first the simple case that one component separates 
out in the pure state; then we have the simple rule that the solidifying 
point of such a mixture is always lower than that of the separated substance 
in the pure state. 


The proof of this follows from the consideration (p. 106) that the 


1 See especially F. Pockel’s Jahrb. f. Mineral. 8. 117 (1892). 
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vapour pressure of a substance in a mixture is always less than in the 
pure state; the melting-point, being the intersection of the vapour- 
pressure curves of solid and liquid (pp. 71 and 93), is accordingly 
always lowered. 

Numerous examples of this rule are to be found. Salt solutions 
freeze (i.e. deposit ice) at a lower temperature than pure water; on 
the other hand, if they deposit salt, it is at a temperature below the 
melting-point of the salt, so that, we may look on the crystallisation 
of a dissolved salt as freezing at a temperature very much lowered by 
addition of water. Phenol liquefies, when wet, much below its proper 
melting-point (42°); this too may be simply regarded as a lowering 
of melting-point due to mixture with water. Again the fusibility of 
alloys is a well-known and technically important fact of the same 
order; iron rich in carbon melts at a lower temperature than when 
containing little; and the alloys of Rose, Wood, Lipowitz, etc., are 
striking instances of how greatly the components of a mixture can 
lower each other’s melting-point. Similarly, mixtures of salts, of fatty 
acids, and so on, are noticeable for their low melting-point. The latter 
case was fully investigated by Heintz.' 

It will appear in the following chapter that the lowering of the 
melting-point of dilute solutions follows very simple laws. 

It is essentially different when an isomorphous mixture or a 
chemical compound in molecular proportions (hydrate, double salt, 
substance with alcohol of crystallisation, benzene of crystallisation, etc.) 
separates from a mixture ; then the melting-point of the mixture may, 
according to circumstances, lie higher or lower than that of the pure 
substances. For example, the melting-point of naphthalene is raised 
by addition of B-naphthol, and accordingly pure naphthalene does not 
freeze out from the liquid, but an isomorphous mixture.? It is note- 
worthy that under these circumstances the freezing-point of a liquid, 
like the boiling-point, may be either raised or lowered. If the solid 
mixture separating out changes continuously in composition with 
change in that of the liquid, the freezing-point varies continuously 
from that of one component to that of the other. This case is rare ; 
often there is a sudden change in the composition of the solid owing 
to replacement of one component by the other, or by a compound in 
molecular peprortons (e.g. a new Dysiiexie):; for instances see the work 
of Vignon ® and Miolati.* = 

In one case we find the phenomenon of continuous change in the 
solid deposit as the composition of the liquid is continuously changed ; then 
the freezing-point curve is continuous, showing no sudden changes 
of slope. This happens in the case of miatures of isomorphous and at 


2 Pogg. Ann. 92. 588 (1854). 
2 Van't Hoff, Zeitschr. J phys. Chem. 5. 388 (1890) ; Van Bijlert, zbid. 8. 343 (1891). 
Bull. Soc. Chim. [3], '7. 387, 656 (1892). 
4 Zeitschr. phys. Chem. 9. 649 (1892). 


the same time chemically similar materials. Kister+ was the first to 
observe this case, and found that the melting-point could be calculated — 
from the composition by the simple rule of mixtures. The agreement — 
between observed and calculated melting-points is better when the — 
composition is expressed in molecular percentage (mols. in 100 mols. — 
of mixture) than in percentage by weight. It is necessary, in order 
that this rule be true, that the composition of the frozen part should — 
be the same as that of the liquid; this can be tested by seeing 
whether the melting-point is independent of the quantity melted or 
not. Only if the temperature does not change during the fusion, is 
the rule true. When there is much difference in composition between 
the liquid and the frozen mass, the melting-points differ considerably 
from the values calculated by the (linear) rule. The regular behaviour 
is well shown by mixtures of hexachlor-c-keto-y-R-pentene (C,C1,0) 
and pentachlor-monobrom-a-keto-y-R-pentene (C,Cl,BrO) (Kiister). 


Molecular per- ? Sey . 
centage of 
aca Obs. Cale. 
0°00 87°50 as 
5°29 87-99 ; &8-04 
8°65 83°30 ; 88°38 
2573 $9°85 90°09 
42°26 91°61 91°81 
71°33 94°59 94°78 
90°45 96 67 96-74 
98°00 97°49 87°50 
100-00 97-71 #8 


Often, however, more than one solid separates from the liquid ; in 
this case it is not at present possible to give a rule for the position of 
the melting-point, but experience seems to show that it may lie above 
or below those of the components. In general the composition of the 
remaining liquid is altered by the separation ; and whatever the com- 
position of the solid that separates, the change must always be in such 
a direction that the melting-point of the remaining liquid is lowered. — 
This is the analogue of the law that during distillation the temperature 
always rises (p. 108). If, then, a mixture be repeatedly fractionally 

_erystallised, a liquid will eventually be reached with minimum freezing- 
point ; if this is frozen, the solid separating must have the same com- 
position, otherwise we should obtain a liquid of still lower freezing- 
point. Conversely, the solid has a melting-point that is constant, i.e. 
independent of the amount melted. Such a substance was called by 
Guthrie,? who discovered these relations, an eutectic mixture; it melts 

1 Zeitschr. phys. Chem. 5. 601 (1890); 8. 577 (1891). 
2 Phil, Mag. (51, 17. 462 (1884). 
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and freezes like a chemically simple substance, and is comparable with 
the mixture of constant boiling-point mentioned on p. 108; there are 
no grounds for assuming that it is a chemical compound, nor does 
experiment point in that direction. 

Thus Guthrie found that a mixture of 46°86 per cent lead nitrate 
and 53°14 per cent potassium nitrate melts at 207°, and that by altering 
these proportions in either sense a higher melting-point is obtained. 
The following table gives the melting-point t of eutectic compounds 
of bismuth containing p per cent of the metal alloyed with bismuth :— 


| | 
| Dp. t. 
Lead ‘ 5 A F 44°42 leppaere 
Tin : F ; ; 53°30 | 133 | 
Cadmium . f ; 40°81 144 | 
Zine ©. ‘ : . Gaby | 248 | 


In the same way, by repeated partial freezing, eutectic mixtures of 
more than two components can be obtained, ¢g. the mixture 


Bi 47°75, Pb 18°39, Cd 13°31, Sn 20-00 per cent 


melts at 71°, the lowest melting-point known of any alloy except 
those containing alkali metals and the amalgams. 

“Cryohydrates ” are also examples of eutectic mixtures. When a 
salt solution is cooled it first deposits ice, and so becomes more con- 
centrated ; hence on cooling further a point must be reached when 
the salt in solution has become saturated, then a mechanical mixture 
of ice and salt will come down, and necessarily in the same proportions 
as they occur in the liquid. This temperature is at the intersection 
of the curve of saturation with the curve of lowering of freezing-point ; 
the solution freezes completely and at constant temperature, as if it 
were a single substance. It was at one time supposed to be such, and 
described as cryohydrate. 

The temperature at which the solution freezes as a whole, to form 
a mechanical mixture, is also the Jowest that can be obtained by mix- 
ing ice and salt. Thus, according to Guthrie,! ice and NaCl give 
— 22°, ice and Nal — 30°; the cryohydric temperature is clearly lower 
the more the salt lowers the freezing-point of water and the more 
soluble it is. The temperature can be still further reduced by using 
more than one salt simultaneously ; Mazotto? investigated the case 
of water, NH,Cl and NaNO,, and found the cryohydric point 
at —31°°5. 

Apparently the solid that deposits from eutectic mixtures arrived 
at in this way consists always of a mechanical mixture of two or more 
' substances ; there are, however, cases, as mentioned above, in which a 


1 Jbid. [4], 16. 446 ; [5], 2. 211; 6. 35, 105. 2 Beibl. 15. 323 (1891). 
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liquid mixture freezes to a single homogeneous substance (double salt, 
hydrate, ete.). If the composition of such a mixture be altered, then, 
unlike an eutectic (i.c. easy melting) mixture, the freezing-point is 
lowered ; therefore the mixture is one of maximum melting point, and 
may be described as dystectic. Thus Roozeboom? found that a mixture 
of composition FeCl, +12H,O freezes constantly at 37° to a solid 
hydrate ; if the composition is varied, within certain limits, whether 
by addition of FeCl, or of water, a mixture of lower freezing-point is 
obtained. 

From what has been said it may be seen that the different kinds 
of mixtures that we have distinguished must show characteristic 
differences when allowed to solidify gradually. Both eutectic and 
dystectic mixtures, like simple substances, solidify at one temperature. 
When the solid separating out changes in composition continuously with 
the change in the residual liquid, the fall of temperature, on cooling, 
will be made slower as soon as the separation begins, and the latent 
heat comes into play; this condition lasts until, after a longer or 
shorter interval of temperature, the whole has become solid. In cases 
in which this condition is not satisfied, but new substances appear, 
twice or more, in the solid deposit, the fall of temperature will be made 
slower each time, a phenomenon noticed in 1830 by Rudberg (“re- 
peated melting-point”). Further, the course of the cooling may be 
influenced by phenomena of undercooling, and by subsequent gradual 
allotropic modification of solid deposits.” 

Finally, this difference may be noted between the behaviour of a 
simple substance and a mechanical mixture. A simple substance 
always melts at the same temperature, and it is not possible to keep 
it solid even for a short time at a higher temperature. It is otherwise 
with a mixture ; a finely powdered mixture of two metals can often be 
kept a long time at a temperature above the melting-point of the alloy 
that would result from it. Thus in a mixture, melting-point and 
freezing-point are not identical, as they are for a single substance. 

On the other hand, even a rough mixture will sometimes liquefy at 
a temperature below the melting-point of either pure substance. Thus 
if a mixture of tin and lead be kept for some hours at 200° it liquefies, 
although the melting-point of tin is 230° and lead 325° ; and a mixture 
of 1 part Cd, 1 part Sn, 2 parts Pb, 4 parts Bi (Wood’s metal), all the 
components of which melt above 200°, can be liquefied by keeping for 
some hours or days in a water-bath, under slight pressure (Hallock) ; * 
a mixture of sodium acetate and potassium nitrate melts when kept for 
some hours at 100°, though the melting-point of the components is 
above 300° (Spring).4 

The Thermodynamics of Isomorphous Mixtures. — The 

1 Zeitschr. phys. Chem. 10, 477 (1892). 


2 See Ostwald, Lehrb. d. allg. Chem., 2nd ed., 1. 1023 (1891). 
3 Zeitschr. phys. Chem. 2. 378 (1888.) 4 Ibid. 536. 
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observations which we have advanced above (p. 109) concerning liquid 
mixtures, from the standpoint of energy, can be applied direetly to 
solid mixtures, in their essential principles. With the union of two 
crystals to foun a new homogeneous mixed crystal, there is usually 
associated a certain diminution of the total energy U, which may also 
be described here as the heat of mixing. To ascertain the diminution 
of free energy associated with the mixing, we must find some method 
of making the mixed crystals reversibly and isothermally. Strictly 
speaking, - we could employ here the same methods which were suc- 
cessfully used in the case of liquid mixtures, namely, isothermal 
distillation or direct sublimation, and we should thus arrive at the 
same formulz as in the preceding case. But, since the vapour 
pressure of crystals is far too small for us to hope to measure, 
we must devise some other way: there is such a method in 
isothermal solution and crystallisation. By distilling over sufficient 
water into the two ingredients, isothermally and reversibly, we 
ean bring the crystals isothermally and reversibly into solution. 
Then we mix the two solutions. This is a process which can be 
conducted isothermally and reversibly, as we shall see in the theory 
of dilute solutions (next chapter). Now, if we withdraw both 
ingredients from the resulting solution by the isothermal distillation 
of water, we can obtain the mixed crystal. If we know the conditions 
of solubility of the mixed crystal and its ingredients, as well as the 
vapour pressure of their respective solutions, the calculation of the 
maximal work obtained by mixing and the application of the second 
law of thermodynamics present no difficulty. Of course, instead of 
water, we can select any other solvent, where we get the same 
maximal work. The condition for the identity of this work leads 
to certain conditions of solubility for the different solvents that 
have recently been tested and verified by E. Sommerfeldt.1 It 
appears that the maximal work is of the same order of magnitude as 
in the case of liquid mixtures, and, therefore, there can be no doubt 
that the isomorphous mixtures arise by mutual molecular penetration, 
and not by a variable superposition of very thin lamell, as is some- 
times supposed. 

The analogy between liquid and isomorphous mixtures is also 
borne out by the fact that just as the maximal pressure, and the 


composition of the vapour emitted by the liquid mixture, vary steadily 


with the relative quantities of the ingredients, so also do the con- 
centration and the composition of the saturated solution of the mixed 
erystals vary steadily with the relative quantities of the ingredients. 
In the third book we shall return again to this subject. 


_Adsorption.—Charcoal shaken with an iodine solution or placed / 
in an atmosphere of iodine vapour condenses appreciable amounts of 


1 Neues Jahrb. f. Mineral., 1900, vol. ii. 
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iodine on its surface; this is known as “adsorption.” The quantity 
adsorbed increases with the partial pressure (gas or osmotic) of the 
iodine. A definite state of equilibrium is set up; this was shown 
among others by Chappius,! who found that a definite amount of 
charcoal took up a quantity of carbon dioxide that depends only on 
the pressure of that gas. The adsorption of dissolved substances by 
solids has been studied especially by Bemmelen.? The thermo- 
dynamics of the subject will not be discussed here; but it may be 
remarked that the heat of adsorption may be calculated from the 
influence of temperature on equilibrium. 

Lagergren® has lately put forward remarkable experiments and 
views on the phenomena of adsorption in aqueous solutions. Here it 
is probable that the most important influence is the formation of an 
aqueous layer on the surface of the adsorbing powder, and that this is 
in a highly compressed state owing to cohesive forces. The heat 
evolved by wetting insoluble powders would, according to this view, 
be due to the strong compression of the adsorbed water. 

If foreign substances are present in the water their solubility in 
adsorbed water may be greater or less than in ordinary water ; greater 
if the solubility increases with pressure, and vice versa. Hence the 
dissolved substance will be concentrated or diluted in the water film, 
i.@. positive or negative adsorption will occur. Lagergren actually 
demonstrated negative adsorption, e.g. when sodium chloride solution 
is shaken with charcoal its concentration is raised. The data so far 
collected seem to support this view. 


1 Wied. Ann. 12. 161 (1881), 

2 Zeitschr. phys. Chem. 18. 331 (1895); Zeitschr. anorg. Chem. 18. 233 (1896) ; 
see also G. C, Schmidt, Zeitschr. phys. Chem. 15. 56 (1894); Georgewics u. Lowy, 
Wien. Akad. 104, (1895) ; Walker and Appleyard, J. Chem. Soc. 69. 1334 (1896). 

> Bihang till K. Sv. Vet. Akad. Handl., Band 24, Afd. II. Nos. 4 and 5 (1898). 


CHAPTER V 
DILUTE SOLUTIONS 


General Remarks.—One class of liquid and solid mixtures which 
has attracted great attention in recent investigations, because their 
behaviour is very simple in many respects, is that of dilute solu- 
tions, i.e. mixtures containing one component greatly in excess of the 
others. This component is called the “solvent” ; the other, or others, 
the “dissolved substances.” 

A close study of the relations of dilute solutions is justified on 
several grounds. In the first place, the laws of thermodynamics 
have been applied here with especially good results, which are simple 
and obvious, and which in their turn clear up old principles, and 
throw light on new subjects. The method proposed by van’t Hoff for 
the study of solutions can be regarded as typical for the treatment of 
questions like this. Also, the study of dilute solutions attracts great 
practical interest from the consideration that most chemical processes 
which the analyst uses, and also those which claim attention in animal 
and plant physiology, take place in dilute water solutions. Finally, 
although most of the results here obtained were obtained independently 
of the molecular hypothesis, yet the study of the properties of dilute 
solutions has led to a development of our conceptions regarding 
molecules, which presents this subject in an entirely new phase 
(see Book II. Chapter VII.). 

The investigations on this subject had for a starting-point the 
attempt to answer this question: What is the maximal work to be 


obtained by the addition of a pure solvent to a solution? After methods 
P of solving the problem were found, the experimental work gave 


general results of an unexpected nature, the very simplicity of which 
required a theoretical explanation ; it lay close at hand, and consisted 
in an extension of the rule of Avogadro which was previously un- 
expected. 


Osmotic Pressure.—In order to answer the question, What is 
the maximal work capable of being obtained by mixing a dilute solu- 
125 
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tion with a pure solvent? we may propose the same way as that 
employed by us above (p. 109), where we met a similar problem 
concerning the mixing of two liquids; the same formule developed 
there can be transferred without further change to this case, if we 
cause the pure solvent to distil over isothermally into the solution. 
We will return to this a little later, but will next consider a simpler 
and plainer apparatus which permits the mixing and the separating to 
be conducted isothermally and reversibly. The fortunate use of this 
apparatus was the artifice by means of which van’t Hoff (1885) dis- 
covered the laws prevailing here almost by one stroke ; this artifice, 
moreover, has already advantageously served us in a similar question 
(p. 97). 

Let us imagine, for example, a sugar solution covered with pure 
water ; as is well known, such a system at once suffers a change, since 
the sugar begins to wander from the lower to the upper part, 2.¢. from 
places having a higher to those having a lower con- 
centration ; this diffusion process, as this phenomenon is 
called, does not cease till the concentration has become 
the same in all parts of the solution. Now let us imagine 
the solution to be separated from the layer of water 
above it by a so-called ‘“semi-permeable” partition, 7.¢. 
such a partition as allows free passage to the water, but 
not to the dissolved sugar; it must happen, of course, 
that the sugar will exert a presswre on the partition, which 
opposes its endeavour to fill the whole solution. If the 
partition is movable in a cylinder, as shown in Fig. 12, 
in which L is the solution and W the layer of water above, which are 
separated by the partition just described, then we have the desired 
apparatus to conduct the mixing isothermally and reversibly. When 
the piston is pressed downwards the sugar in L is compressed, and 
the water passes over from L to W ; on the other hand, if the piston 
is raised, water passes from W to L, and the sugar solution is 
correspondingly diluted. But from the fact that the sugar will 
wander up into the pure water by means of diffusion, if we imagine 
the piston to be removed, it necessarily follows that there will be 
exerted a pressure on the piston in the direction of the arrow; and 
the greater this pressure is, so much greater, of course, is the work 
which the dissolved sugar can perform in its expansion, 2.¢. as it takes 
up new solvent material through the ‘‘semi-permeable ” partition ; the 
amount of this work can be calculated from the product of the 
pressure and the volume through which the piston is displaced. 

We will call the pressure measured by such an apparatus “ the 
osmotic pressure of solution.” The analogy with the pressure exerted 
by a gas on its enclosing walls is at once obvious. If we imagine the 
solvent to be removed, and the space L to be filled with a gas, and 
the space W to be made vacuous, then we have obviously an entirely 
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analogous experimental arrangement, since the ordinary gas pressure 
is acting, instead of the osmotic pressure. Moreover, the molecules of 
a dissolved substance, just the same as the molecules of a gas, have 
the tendency to occupy the greatest possible space; and just as the 
molecules of a gas can be removed from each other to any desired 
_ distance by expansion, so the same is true of the tendency of the 
molecules of a dissolved substance, provided that we constantly add 
more pure solvent. 


The Direct Measurement of the Osmotic Pressure.—The 
question now arises, whether we are able to realise the conditions of 
the experiment just described, whether we can construct partitions 
having the desired properties. Now, as a matter of fact, such is 
really the case; the semi-permeable partitions do occur in nature 
ready formed, and can also be artificially prepared, at least in certain 
cases. According to the researches of M. Traube,! the membranes of 
precipitation, which are formed on the surface separating a solution of 
cupric sulphate from one of potassium ferro-cyanide, and which 
consist of cupric ferro-cyanide, do possess the property of being 
permeable for water, but not for many substances soluble in water, 
as cane-sugar, for example. Therefore when Pfeffer? dipped, into a 
weak solution of potassium ferro-cyanide, a porous jar filled with a 
solution of sugar containing a little copper sulphate, and fitted with 
an upright tube, there was formed at once on the interior of the 
porous jar a precipitated membrane. By means of this the outward 
passage of the sugar molecules through the cell wall is hindered, but 
not so the inward passage of the water. As a result there follows the 
pressure action on the semi-permeable membrane, as above described, 
but the membrane cannot yield since it is fastened to the resistant 
porous cell; therefore, according to the principle of action and 
reaction, there will be exerted on the solution an impulse which will 
tend to drive it away from the membrane. This impulse will cause 
water to flow in and the solution to rise in the upright tube; if the 
upright tube be long enough, the opposing hydrostatic pressure will 
increase till it stops the further inflow of water. Of course after the 
equilibrium is established, this opposing hydrostatic pressure is equal 
to the osmotic pressure of the solution. But since the pressure 
amounts to several atmospheres, as we will see later, Pfeffer used, 
instead of an open manometer, a closed mercury manometer, and thus, 
besides having the advantage of a quicker adjustment, he also 
succeeded in avoiding the influx of large quantities of water and the 
associated changes of concentration which are difficult to control. 

If one uses the cupric ferro-cyanide membrane, it must be noticed 
that it is permeable for many soluble substances, such as saltpetre, 


1 Archiv f. Anatomie und Physiologie, 1867, p. 87. 
2 Osmotische Untersuchungen. Leipzig, 1877. 
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hydrochloric acid, and many colouring substances, and therefore does 
not satisfy the desired conditions for these substances. As would be 
expected, the osmotic pressure in such cases is too small. The fact 
that other investigators, in repeating the experiments of Pfeffer, did 
not give sufficient attention to this point, although Pfeffer clearly 
recognised and emphasised its significance, makes a large number of 
measurements useless in the consideration of the theory of osmotic 
| pressure. Some other precipitated membranes, 


such as zinc ferro-cyanide, tannic acid sizing, etc., 
likewise find application. 


The efficiency of a semi-permeable membrane 
used by myself! depends on the principle of selec- 
tive solubility ; thus, for example, ether can diffuse 
into water since it is partially soluble in water ; 
but a substance dissolved in ether, and which is 
also insoluble in water, cannot so diffuse into 
water. In order to give stability to the separat- 
ing membrane, just as Pfeffer arranged the mem- 
brane of cupric ferro-cyanide in a porous cell, so I 
arranged the water in contact with a plant or 
animal membrane. By means of the simple 
apparatus shown in Fig. 13, the efficiency of an 
osmotic cell can be very easily demonstrated — 
for lectures, for example. A is a glass tube (for 
example, a piece cut from a test tube) with a piece of pig’s bladder, 
moistened with lukewarm water, tied over the lower end; it is closed 
at the upper end with a well-fitting cork, provided with one hole 
bored through. After filling the cell A completely, with ether 
containing a considerable amount of benzene, the opening in the cork 
is closed with a narrow upright tube which fits tight ; the cell is then 
dipped into a wider glass filled with ether. The cork B, which is not 
air-tight, serves both to hinder the evaporation of the outer ether, and 
also to hold the cell in place. Both the solution and the solvent must 
be previously saturated with water, in order that the solvent action of 
the ether may not destroy the skin of water in the partition membrane. 
Also, it is well to add a colouring substance which is insoluble in 
water, to the ether in the inner cell, so that the action of the experi- 


ment will be visible, and one can also be thus assured that the . 


membrane is tight. In order to prevent the membrane from bulging 
out, it is rested upon a small tripod covered with wire gauze. After 
the cell has been left to itself for some time, one will notice the rising 
of the ether column from the osmotic pressure of the benzene; this 
usually amounts in an hour to more than a decimetre. 

A very elegant optical method for the discovery of solutions 
having the same osmotic pressure, 7.¢. the so-called 1s-osmotic solutions, 


1 Nernst, Zeitschr. phys. Chem. 6. 37 (1890). 
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is described by Tammann,' who placed a drop of a solution of 
potassium ferro-cyanide in a solution of copper sulphate. The drop 
is at once surrounded with a membrane of precipitation ; accordingly 
as the osmotic pressure is greater in the inner or the outer solution, 
the cell will expand or contract, with the inflow or outflow of water. 

_Tammann observed the osmotic stream produced by the changes of 
concentration by means of a so-called “schlieren” apparatus. When the 
strize disappear, the osmotic pressure is the same outside and inside. 
If foreign substances are added to both solutions producing the 
membrane, which do not themselves diffuse through the membrane, 
then their osmotie action can be compared. These phenomena can be 
beautifully demonstrated. If a drop of a strong solution of potassium 
ferro-cyanide is added by means of a capillary pipette to a moderately 
strong solution of copper sulphate, it can be seen with the naked eye 
how striz of a concentrated solution of copper sulphate flow down- 

. wards from the cell; this is a proof that the inner solution continually 
extracts water from the outer one. This very instructive phenomenon 
ean be shown on the lantern to a large audience. 

Semi-permeable partitions and the associated action of the osmotic 
pressure play a very important réle in the economy of living nature, 
and it should be emphasised that the investigations in plant physiology, 
and, among others, those of Traube, of de Vries, and especially of 
Pfeffer, made possible the more detailed study of osmotic pressure, 
the laws of which form the basis of the modern theory of solutions. 
Thus the living protoplasmic layer, which entirely surrounds the 
surface of the cell-sap of plants, is very permeable for the solvent, 
water, but is an almost completely impermeable membrane? for the 
substances dissolved in the cell-sap, such as glucose, calcium, and 
potassium malates, etc., as well as some inorganic salts. If, therefore, 
some plant cells, taken for example from the leafy part of Tradescantia 
discolor, are sprinkled with a water solution having a greater osmotic 
pressure than that exerted by the substances dissolved in the cell-sap 
in the protoplasts, then the latter will contract, i.e. plasmolysis is said 
to occur: if, on the other hand, a smaller osmotic pressure exists in 
the outer solution, then the protoplasmic sheath expands as far as the 
cell wall permits. Thus, by means of microscopic observation, one 

can prepare solutions of selected substances which are is-osmotic 
(iso- tonic) with the cell-sap. Osmotic action can also be recognised 
in the red blood corpuscles,® and _in bacteria cells,* and nerve eolls,® all 
of which can be applied to the study of osmotic solutions. Of course 


1 Wied. Ann. 34. 229 (1888). 

» See especially the treatise written for those who are not professional botanists by 
de Vries, Zeitschr. phys. Chem. 2. 414 (1888). 

® Hamburger, Zeitschr. phys. Chem. 6. 319 (1890). See also Lob, zbed. 14. 424 
(1894) ; Koppe, iid. 16. 261; 1'7. 552 (1895) ; Hedin, 1'7. 164; 21. 272 (1896). 

4 Wladimiroff, Zeitschr. phys. Chem. 7. 524 (1891). 

5 See Tammann, Zettschr. phys. Chem. 8. 685 (1891). 
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these methods are useless when the dissolved substances either exert a — 
specific poisonous action on the protoplasmic sheath of the cells in — 
question, or else diffuse through them. It is not without interest to 
observe that the pressure in animal and plant cells under the most 
diverse conditions, amounts to from four to five atmospheres; and | 
that sometimes it is even four times as great in those protoplasts 
which serve as the storehouse of dissolved substances held in reserve ; 
examples of the latter are the cell contents of beets, and also the cells - 
of bacteria. 

In concluding this sketch, I give the measurements obtained by 
Pfeffer of the osmotic pressure in a water solution of cane sugar, which 
was the substance most thoroughly investigated by him. The cupric 
ferro-cyanide membrane used by Pfeffer satisfied most completely the 
conditions of impermeability for this substance. 


Osmotic PRESSURE OF A ONE PER CENT WaTER SOLUTION OF CANE 
SuGar at DIFFERENT TEMPERATURES 


Pressure, 
t. Diff. 
Obs. Cale. 
6°8 0°664 Atm. 0°665 Atm. +0°001 
13°7 ON6oT Ny; Ore sium — 0-010 
14-2 0-671 ,, 0682 ,, +0011 
15°5 0°684_,, 0°686_,, +0002 
22:0 Os 7210 0-701 _~,, —0°020 
32°0 O-71Geoe 0°725 ,, +0009 
36-0 0°746 ,, 0°785 ,, -0-011 


The figures in the third column are calculated from the formula 
P= 0°649(1 + 0°00367t) atm., 


which is well suited to express the results of the investigation, as is 
shown by the smallness and irregularity of the differences given in the 
last column. The measurements arranged for varying concentration 
can be calculated with similarly good results from the formula 


P=n. 0°649(1 + 0°:00367t), 


in which n denotes the per cent strength of the solution, «¢, the 
number of g. sugar in 100 g. of the solution ; thus the pressure of a 
4 per cent solution, measured at 13°7°, amounted to 2°74 atm., while 
according to the preceding formula it should be 2°73 atm. It is 
obvious that the pressures involved are of considerable magnitude. 


H. N. Morse and J. C. W. Frazer (American Chem. Journal, 36. 1, 37. 
324, 1907) have recently succeeded in measuring the osmotic pressures of 


i) 
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| sugar solutions up to very high pressures. The following table contains 


| their results, and also the pressures calculated according to van’t Hoff’s 
_ theory (see below), which agree when a normal solution is taken as containing 


1 mol sugar to 1000 grams water, 7.¢. 1 litre at 4 per cent, instead of 1 mol 


| sugar to 1 litre solution. 


| 

ao ee ne | eee | ee 
| 0°05 20°5 1°25 ila +0°04 
| 0-1 18°5 2-44 2°40 40°04 
| 0-2 21°5 4°80 4°85 ~ 0°05 
| 0:3 19°4 7:23 (boy +001 
| 0°5 20 | 12°08 12°07 +0°01 
| 0°8 735, | 19°07 19°14 — 0:07 
| 0'9 20°2 21°80 21°74 +0:06 
10 225 24°34 24°34 0-00 

{ 


The osmotic pressure is of course independent of the nature of the 
semi-permeable membrane ; if the membrane is more or less permeable by 


the solute, too low values for the pressure are obtained. Selective solubility, 


as mentioned above (p. 128), probably plays a large part in the mechanism 
of osmose ; other complications can, however, interfere (see the detailed 
study by G. Flurin, Chemical Action of the Membrane, Grenoble, 1907). 


- When the membrane is simply a second solvent, only slightly miscible with 
- the first, osmose can be entirely referred to diffusion phenomena when the 
| law of relative lowering of solubility (see below) is properly taken into 


account; for a discussion of this see Nernst, Zeztschr. phys. Ohem. 6. 


| 37 (1890). [See also Berkeley and Hartley (Phil. Trans. 206. 481; 209. 
tr 7).)| 


Indirect Methods for the Measurement of Osmotic Pres- 
sure.—In most cases the direct measurement of osmotic pressures 
is attended by very great experimental difficulties, which depend upon 
the successful accomplishment of making a semi-permeable membrane 


of sufficient stability and osmotic activity. Fortunately the measure- 


ment in almost all cases can be easily and certainly obtained by 
indirect methods. 

The indirect methods all depend on the measurement of the 
expenditure of work which is necessary to separate the dissolved sub- 


stance from the solvent. Now, according to what was said above, 


since the osmotic pressure is a direct measure of this expenditure of 
work, it is evident that if we know one we also know the other. 

Of the many methods which can be employed for the reversible 
separation of solvent and dissolved substance, we will consider the 
_ following :-— age 

1. Separation by evaporation. 

2. Separation by selected solubility. 

3. Separation by crystallisation. 


4 { 
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But since each of these methods can be used in a double sense, 7.¢. 
we can remove either the solvent or the dissolved substance from the 
solution, we have the six following methods for the indirect measure- 
ment of osmotic pressure :— 


A. The Separation of the Pure Solvent from the Solution 


1. Separation by Evaporation.—We can see at once without 
further remark, that the partial pressure of the solvent above a 
solution must always be less than that over the pure solvent, at the 
same temperature. For if a solution and a solvent, at the same 
temperature, were separated only by a semi-permeable membrane, 
then the solution would add to itself at the expense of the solvent. 
If we assume that the partial pressure of the saturated vapour of the 
solvent is greater over the solution, then there must necessarily occur 
a process of isothermal distillation, whereby some of the solvent would 
be forced back from the solution to the pure solvent. In that case 
we would have a perpetually automatic cyclic process, 1.2. a perpetwum 
mobile, which would perform work at the expense of the heat of the 
environment, which is contrary to the second law of thermodynamics 

valiG)): 
. eae follows we will limit ourselves to solutions of non-volatile 
substances, 7.¢. solutions the vapour pressure of which is equal to the 
partial pressure of the solvent, as described above. 
The diminution of pressure experienced by a sol- 
vent, on dissolving a small quantity of a foreign 
substance, is obtained as follows: 1 

An upright tube for osmotic action holds the 
solution L (Fig. 14), and is dipped into the solvent 


the semi-permeable membrane A, which closes the 


the height H above the outer level, corresponding 
to the osmotic pressure prevailing in the solution. 


must be maintained at the same temperature at 
all points, reckoned in absolute temperature T. 
Then between the vapour pressure p of the water, 
and the vapour pressure p’ of the solution, there 
must exist the relation that p’, increased by the 
vapour column of the height H, acting on W, must be equal to p. 
This relation merely states that the system is in equilibrium. For 
if we assume that p’ is greater than that corresponding to this rela- 
tion, then water would constantly distil over from the upright tube 


a 


W, water for example. Water will enter through — 


upright tube below, till the liquid has mounted to — 


The whole system must be closed air-tight, and — 


into W, to be again transported by osmotic pressure into L; in short, ; 
1 See Gouy and Chaperon, Ann. chim. phys. [6], 18. 124 (1888); and Arrhenius, — 


Zeitschr, phys. Chem. 8. 115 (1889). 
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the water would constantly traverse a cyclic process, 7.¢. the system 
would represent a perpetuwm mobile, which would be able to perform 
any desired amount of external work at the expense of the heat of 
the environment, and the existencé of which would contradict the 
second law of thermodynamics. 

Also, conversely, if p’ were smaller than would correspond to the 
preceding relation, then water would distil over from W into the 
upright tube, would pass below from L into W, and again around in 
this reverse cycle. Equilibrium, therefore, can exist only when the 
excess of pressure of p over p is compensated by the hydrostatic 
pressure of a vapour column, equal in height to the difference between 
the levels. 

The pressure of this vapour column can be easily calculated. If 
we denote the molecular weight of the solvent by M,, then from the 
gas formula, pv = 0°0821T, we obtain the specific weight of the vapour, 


. compared with that of water as unity, and since there are M,g. of the 


vapour in v litres, the weight of one c.c. in g. amounts to 
M, Mp 
1000v 0-0821T . 1000° 

Instead of p we can introduce p’, since their difference can be neglected 
if the solution is very dilute. In the same way we can neglect the 
fact that, strictly speaking, the density of the vapour column varies 
along the upright tube, and express the hydrostatic pressure simply 
by the formula 


HM,p 
0:0821T. 1000. 76c 


where H is measured in cm., and o denotes the specific gravity of 
mereury. ‘The osmotic pressure of the solution corresponds to the 
pressure of the elevated column of liquid H. Therefore between H, 
and the osmotic pressure P expressed in atmospheres, there exists the 
relation 


atm., 


_ HS 
~ 760" 
where S denotes the specific gravity of the solution, or also that of the 
slightly differing solvent. 

If we eliminate H in the expression for the hydrostatic pressure of 
the vapour colaninn Dy, introducing 


P7 6c 
Ss 
for H, then we obtain the following expression for the relation of p 
and p’ (developed as above from the conditions of equilibrium), viz. 
. < PM,p’ 
P=P + 70008. 0-0821T° 
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and thus obtain the expression sought for the osmotic pressure, viz. 
paB=p OUST. 10008, gy 

ie ~ M 

which was found by van’t Hoff (1886),! by a method not differing in 

principle from the preceding. 


The vapour pressure of a solution containing 2°47 g, of ethyl benzoate 
to 100 g. of benzene was found to be 742°60 mm. at 80°, while that of pure 
benzene at the same temperature amounted to 751'86 mm.;* the molecular 
weight M of benzene is 78 ; its specific weight at the preceding temperature 
is 0°8149 ; therefore the osmotic pressure of the aforesaid solution is caleulated 
to be 

926 00821. (273 +80). 814-9 


if =3-78 eum 
7426 78 Gre 


The simple yet obvious derivation given above for the fundamental 
relation between osmotic pressure and vapour tension is not quite strict, 
because it assumes that p-—p’ is only a small fraction (say the 
hundredth part) of p, a condition satisfied only in the case of very 
dilute solutions, We obtain a more exact formula in the following way. 

By means of the apparatus figured on p. 126 (Fig. 12), we remove 
a small quantity of the solvent from the solution. The expenditure 
of work necessary for this amounts to Pdv, in which dv is the volume 
through which the piston is lowered. Let the quantity of solvent 
removed from the solution be dx g.-mol. Now we can also remove the 
same quantity of solvent from the solution by means of isothermal 
distillation, and denoting by p and p’ the respective vapour tensions 
of the pure solvent, and of the solution at the temperature T, 
the expenditure of work necessary, according to the equations on 
pe sis 


dxRT In &. 
p 


Now since the work must be the same in these two isothermal and 
reversible ways, it follows that 
d 
Pe—RTnE . 9 
dv Pp 
Now as the addition of dx mols of the pure solvent to a sufficiently 
dilute solution produces neither contraction nor dilution, dy is obviously 
equal to dx mols, z¢. it follows that 
M 


dyv= g dx P : : : (3) 


1 van’t Hoff, ‘Lois de V’équilibre chimique dans 1’état dilué ou dissous.” Stock- 
holm, 1886. An abstract of this is to be found in Zeitschr. phys. Chem. 1. 481 (1887). 
2 Beckmann, Zertschr. phys. Chem. 6. 439 (1890). 
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From (2) and (3) we find 


S P 
P=—RTinsS . i : : 4 
M, , (4) 

In order to obtain P in atmospheres, we must express the volume 
of 1 mol of the solvent in litres, and must write 0°0821 for R, 
when it follows that 


082 
0:0821T 10008, P te (5) 
M, p 
Pp 


For In Sy in equation (5) we may write 


In € + 7 le == ) 
1Y P 


EE as very small, cf. with 1. Equation (5) gives with the former data for 


P= 


the pressure of ethyl benzoate in benzene 
P=3°76 atms., 
while the less exact formula gives 3°78 atm. 


It is recommended in practice to determine the botling-point instead 
of the vapour pressure. Instead of the lowering of the vapour 
pressure p—p, one can measure much more simply and accurately the 
elevation of the boiling-point produced by the addition of soluble sub- 
stances. If the determination is conducted at the atmospheric pressure 
B, then the vapour pressure of the solution at its boiling point will 
be p'=B. The vapour pressure p of the pure solvent at the same 
temperature is B, increased by the amount by which it rises from the 
temperature of the boiling solvent to that of the solution ; this can be 
obtained from the vapour-pressure tables of Regnault and others with 
satisfactory accuracy for most available solvents. 

For small elevations of the botling-point t, we can calculate p, by 
means of the formula of Clausius (p. 58): 


dInp A 
Dw Ea Nt 
When the temperature interval is small, \ may be considered constant ; 
integration then gives 


is Las 
i In p= — pp t const. 
Now, at the boiling-point T, of the aa solvent, we have 
In B= comet, 


¥ | 


and therefore 


Int = Int -ale- oh 
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This, introduced into formula (4), gives 


r ao. 
ei E ‘ at 


This, simplified, becomes 


Slt 1000S.1 +t 
Po pt P= 5019 7, 
where 
rv 
ap 


denotes the heat of evaporation of 1 g. of the solvent, 24°19 is the 
factor to reduce cal. to litre atmospheres (p. 13) ; and t = T — T, denotes 
the elevation of the boiling-point of the solution. As before S denotes 
the specific gravity of the solvent. The factor 1000 is again intro- 
duced because we must express the volume of 1 mol of the solvent in 
litres in order to obtain p in atmospheres. This formula does not 
depend on the condition that the vapour of the solvent must follow 
the laws of gases; but, on the other hand, it takes no account of the 
slight change of the heat of vaporisation with the temperature ; yet it 
can be used for elevations of boiling-point of 5° - 10°, within 1 per 
cent of the correct value of the osmotic pressure prevailing at the 
temperature T, + t. 


Thus the elevation experienced by the boiling-point of benzene, on the 
addition of 2°47 g. of ethyl benzoate to 100 g. of the solvent, is 0-403". If, 
according to p. 58, we put the heat of vaporisation of benzene at 80° as 
equal to 94:4 cal., it follows that 


814:°9 . 94-4 0-403 
D419) 11278 +80) 
The difference, as compared with the value 3°76 found on p. 135, can be 

explained by the fact that in the first calculation we assumed that the gas 

laws hold for benzene vapour, which is not quite accurate (gee also p. 60). 


The osmotic pressure of a water solution at the boiling-point 100+ t° is 
accordingly 


P= 


= 3°63 atm. 


0°959 . 536°4 t 
ce 24:19 EET OO’ 
or P=57:0t atm. 


2. Separation by Selected Solubility.—The far-reaching analogy 
which exists between the process of solution and that of evaporation, 
and to which repeated reference must be made, is also shown in the 
fact that just as the vapour pressure of a solvent A is depressed by 
the addition of a foreign substance B, so also the solubility of A in a 


second solvent is diminished by the addition of a foreign substance B; _ 
and the two phenomena follow the same laws. Thus, if we mix 
together two liquids, as ether and water, which are only slightly 


— 


|" 
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soluble in each other, and if we denote by L the solubility of pure 
ether in water at the temperature T, and by L’ the solubility in water 
of ether containing a foreign substance at the same temperature, then 
L’ must always be smaller than L; and the osmotic pressure P of the 
foreign substance dissolved in the ether is given by the relation 
L-L’ 0:0819T . 10008 

Ll’ M, PROGor ee F (7) 
where, as above, S and M denote respectively the specific gravity 
and the molecular weight of the ether; this relation is completely 
analogous to the relation between the lowering of vapour pressure and 
osmotic pressure, equation (5).? 


; pes 


The proof of equation (7) is most easily arrived at from the observation 
that the solubility of ether in water must be the same as that of ether 
vapour, Butas the latter, according to Henry’s law, must have a solubility 

_ proportional to its partial pressure, 

; Wise peeps, 


and therefore equation (7) is a necessary consequence of (1). 


3. Separation by Crystallising (Freezing Out).—From the law 
that solutions of various substances in the same solvent are is- 
osmotic when they have the same vapour pressure, it follows directly 
that the same osmotic pressure must prevail in solutions of the solvent 
which have the same freezing-point. For as the freezing-point is that 
temperature” at which the solid solvent (ice) and the solution are 
capable of existing together, it must also be the point at which the 
curves of the vapour pressures of 
the solution and of the solid sol- 
vent cut each other, 2.¢. where both 
have the same vapour pressure. For 
if we suppose, for example, that 
the vapour pressure of ice and 
that of the water solution were 
different at the freezing - point, 
then a process of isothermal dis- 
tillation would begin, by which 
/ equilibrium would be disturbed ; 
__ equilibrium can only be stable 
__ when the vapour of the solvent 
| overthe solution and the solid is of 
the same density. Solutions of equal freezing-point have therefore equal 
vapour pressures, namely, that of the separated ice, and are isotonic. 

} These relations arg shown in Fig. 15, in which, as in Fig. 4, the 
1 Nernst, Zeitschr. phys. Chem. 6. 16 (1890). 


2 It is assumed in all this argument that pure solvent crystallises out of the solution, 
as is usually the case. But see ‘‘Solid Solutions,” p. 161. 


Fig. 15. 
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vapour pressure curves of solid and liquid are shown, but also—dotted 
—the vapour pressure curve of the solution. The latter must lie 
below the curve for the solvent, according to the foregoing argument ; 
hence its intersection T, with the curve for the solid, must lie below 
T,. T,—T=t is the lowering of the freezing-point. 

The relation existing between the lowering of the freezing-point 
and of the osmotic pressure of a solution is found by combining the 
equation for the molecular heat of sublimation o (p. 58) with that for 
the heat of vaporisation  (p. 71), viz. 


o=RT FP, and X= prt 2 | ee 


in which p’ denotes the vapour pressure of the solidified solvent, 
equivalent to that of the solution according to the aforesaid law, 
and p denotes the vapour pressure of the pure (undercooled) liquid 
solvent, both values being referred to the freezing-point of the solu- 
tion: by integration we obtain 


/ o / 
In p= - pr? ©3 In p'= ae 
Now, according to p. 71, at the freezing-point of the pure solvent, the 
temperature of which is T,, the vapour pressures of the solid and of 
the liquid solvent are the same, i.e. at T, we have p’=p=pp, and 
therefore 


In po = “Rr tO LOS a - pte 


If we eliminate the integration constants C’ and C respectively, by the 
subtraction of the equations standing under each other in the same 
column we obtain 


et ee, eS ee 
ne ha Lt tT) 5, ELT oe 


and by the subtraction of these last two pe we obtain 


n= > laa ay ; ‘ ‘ (9) 


thus we obtain a formula which affords us the relation between the 
lowering of the vapour pressure and of the freezing-point of a solution, 
as well as the molecular heat of fusion, o — A, of the solution; this was 
found by Guldberg! as early as 1870; R here amounts to 1°985 if 
we express the heat of fusion in g.-cal. 

In formula (4), p. 135, putting p=oc — A we have 


i P= 8+[ 5 at 


1 Compt. rend. '70. 1849 (1870). 
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or simply as in equation (6), p. 136, 


Swt 1000S.w t 
P= ia ao Tt atm. c - (10) 
In this formula w denotes 7" “ Mane heat of fusion of 1 g. of the solvent 


expressed in g.-cal.; T, is the fusing-point; S is its specific gravity ; 
and t denotes T, — T, the lowering of the freezing-point. 


Thus by the addition of 2°47 g. of ethyl benzoate to 100 g. of benzene, 
the freezing-point, 5°5°, of the solvent is lowered about 0:840°: its heat of 
fusion amounts to 30°08 g.-cal., and its specific gravity at the freezing-point 
is 0°8875. The osmotic pressure of the solution is thus 


_ 887°5 . 30:08 0:840 
24:19 "273 +-5°5 


=3'329. 


For water we have 
1000S. Nien: 1000 x 79°6 = 12-05, 
2419T, 24:19 x 273 


and therefore the pressure of a water solution freezing at T)—t is 
P=12:05 t atm. 

According to the very accordant measurements of Abegg!; Ponsot?; 
and Raoult *; the freezing-point of a 1 per cent sugar solution is about 
—0:0546°. Its osmotic pressure is therefore 0°657 atms., in good agree- 
ment with Pfeffer’s direct measurement of 0°649. 

Moreover, we observe from the preceding formula that the thousandth 
part of a degree of temperature, a quantity quite difficult to measure, 
corresponds to a pressure of 0012 atm., 2.¢. about 9°1 mm. of mercury ; this 
latter value could be determined to one part per cent, provided one had a 
semi-permeable membrane sufficiently sure and rapid in its action. 

On account of the simplicity of determining the lowering of the freezing- 
point, in practice the method above described finds application almost 
always, in preference to the measurement of the osmotic pressure: its 
experimental treatment will be considered in the chapter on the determina- 
tion of the molecular weight. 


B. The Separation of the Dissolved Substance from the Solution 


1. Separation by Evaporation.—We will consider two solutions 
of the same substance in the same solvent, of very nearly the same 
degree of concentration. Let _P be the osmotic pressure of the 
substance dissolved in solution I. ; let p be its vapour pressure over the 
solution ; let V be the volume of the solution containing 1 mol of 
the substance dissolved; and let v be the volume assumed by the 


_ mol in the gaseous state at the pressure p. Let the corresponding 


magnitudes in solution II. be P +dP, pt+dp, V-dV, and v-dy, 


1 Zeitsclr. phys. Chem. 20. 221 (1896). 2 Bull. Soc. Chim. [8], 1'7, 895 (1897), 
3 Zeitschr. phys. Chem. 27. 617 (1898). 
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respectively. We will now conduct the following cyclic process at 
the constant temperature T. We will first set free from solution L., 
1. mol of the dissolved substance, whereby the work PV will be 
performed against the osmotic pressure, and the work pv by the vapour 
pressure p. Then we will compress the g.-mol now existing in the 
gaseous state from v to v—dv, whereby there will be performed the 
work pdv. Next we will bring the mol into solution IL, whereby 
there must be applied the work (p+dp) (v-dv) against the gas 
pressure, and the osmotic pressure performs the work (P+ dp) 
(V-dV). Finally, we bring the mol from solution II. back again 
to solution I, whereby the osmotic pressure expends the work Pdv, 
and then all is reduced to the original condition. 

Now, since the sum of the work expended on the system, diminished 
by the work performed by the system, in a reversible, isothermal, 
cyclic process must be equal to zero, we have the equation 


PV — pv + pdv + (p+dp) (v-—dv)—(P +dP) (V - dV) — PdV =0, 


or simplifying it and neglecting the small magnitudes of the second 
order, 
vdp= VdPi : : : (11) 


2. Separation by Selective Solubility—We bring together two 
liquids which are only slightly soluble in each other, as, for example, 
carbon disulphide and water; we then dissolve a third substance, as 
iodine, which is divided between the two solvents. We will denote by 
P, and V,, the osmotic pressure and the volume respectively, assumed 
by 1 g.-mol of the dissolved substance in one solvent, and by P, and 
V,, the corresponding values in the second solvent. Then by means of 
a cyclic process completely analogous to that just described above, we 
can at once derive the relation 


V,dP,=V,aP,-. .. ae) 


3. Separation by Crystallisation.—The method employed alto- 
gether most frequently in practice to separate a dissolved substance 
from its solution, consists in crystallising it out from its saturated 
solution, by means of a suitable change of temperature. 

This process reminds us of the condensation of a substance from its 
saturated vapour, and we also easily see that the analogy between 
the processes of solution and of vaporisation is not merely external, 
but that it is really deep-seated. For if we vaporise a solid or a 
liquid body, its molecules are driven by an expansive force, called the 
“‘vapour pressure,” into a space where they arrive under a certain 
pressure, viz. the pressure of the saturated vapour for the temperature 
in question. The conditions are similar when a solid goes into 
solution ; in this case also the molecules are driven by a certain ex- 
pansive force, called the solution pressure, into a space where they 
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attain a definite pressure, viz. the osmotic presswre of the saturated 


solution. 

We have developed thermodynamically on p, 58 a formula of 
Clausius, giving a simple relation between the change of vapour 
pressure with temperature, the increase of volume from vaporisation, 
and the heat of vaporisation. In a precisely similar way, by effecting 
the solution of a substance—instead of its vaporisation into a vacuum 
—and by making the process reversible by means of a semi-permeable 
partition, we can derive a relation between the change of “solution 
pressure ” with the temperature, the increase of volume from solution, 
and the heat of solution of a solid substance: thus we obtain directly 


dP ; 
Q= Til -v). 


Here Q denotes the amount of heat absorbed when 1 mol of a 
solid substance goes into saturated solution, at the constant osmotic 
pressure P, and the temperature T; v’ denotes the volume occupied 
by 1 mol of the substance before going into solution, and V the 
volume assumed by 1 mol of the same substance in the saturated 
solution (van’t Hoff).? 


If the substance going into solution is a liquid, there arises a complica- 
tion from the solution of the solvent itself in this substance ; but this can 
be overcome by easy calculation. 


The Law of Osmotic Pressure.—The laws of osmotic pressure 
must of course deal with the questions how the osmotic pressure 
depends on (1) the volume of the solution, i.¢. the concentration, 
(2) the temperature, (3) the nature of the substance dissolved, 
(4) the nature of the solvent. The answer to these questions, which 
of course can be obtained only by experiment, i.e. by the direct or 
indirect measurement of the osmotic pressure in the most numerous 
and various conditions possible, is very simple, and has led to the 
following remarkable result, that the osmotic pressure is independent of 
the nature of the solvent, and in general obeys the laws of gases (van’t Hoff). 
The various proofs requisite for establishing this law will be given in 
the following sections. ‘ 

Osmotic Pressure and Concentration.—Pfeffer found that the 
pressure of solutions of cane sugar was proportional to the concentra- 
tion (p. 130); the rules, according to which the lowering of vapour 
tension (law of Wiillner), and the lowering of the freezing-point (law 
of Blagden), vary proportionally with the concentration of the dis- 
solved substances, have long been known, and in the light of the 
formule developed on pages 134 and 139 must mean that the same 


1 See also van Deventer and van der Stadt, Zeitschr. phys. Chem. 9. 43 (1891). 
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holds good for the osmotic pressure. If we denote by ¢ the number 
of mols dissolved per litre, then 
P=¢ x const. 5 
and we notice that 
1 
vy’? 
if V denotes the volume of the solution containing 1 mol of the 
dissolved substance ; then 


(i 


PV = constant ; 


i.€. the Boyle-Mariotte law holds good for the osmotic pressure. 


Osmotic Pressure and Temperature.—Pfeffer’s measurements 
of the pressure of solutions of cane sugar can be well represented by 
the formula 

P = 0°649(1 + 0:00367t). 


But the temperature coefficient 0:00367 is the same as that of gases, 
i.e. the osmotic pressure is proportional to the absolute temperature. 'This 
result is confirmed by a simple law which was discovered by Babo as 
early as 1848, and which has been verified repeatedly by experiment 
in recent times; viz. that the relatwe lowering of the vapour pressure, 


as of a dilute solution, and also the quotient, Pe is independent of the 
Pp 


temperature. For if we observe in the equation 


p _ 070821 T 1000 $1, p 
M, 1g 
that S is inversely proportional to the volume V of the quantity of 
solvent containing a definite amount of the dissolved substance, say 
1 mol, and if we also notice that, according to Babo’s law, the 
expression 


is independent of the temperature, then it also follows in this way 
that 
PViR Ax constes 


i.e. the law of Gay-Lussac holds good for the osmotic pressure. 

This law will later be established more rigorously by thermo- 
dynamic considerations ; but remark should here be made that the 
numerous determinations of the elevation of the boiling-point 
and of the lowering of the freezing-point of dilute solutions, have 
all shown that the osmotic pressure of solutions of similar dilutions 
at these two points referred to the same spatial concentration,! have 


1 Such a reduction is necessary, since the expansion of the solution from heat 
increases the volume of the subtance dissolved. 


— 


= 
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the same ratio as the absolute temperatures of the boiling-point and 
melting-point. 


Osmotic Pressure and the Heat of Dilution.—When more 
solvent is added to a dilute solution, there is no heat developed, neither is 


| external work performed. 'The total energy remains unchanged in this 


process. If the operation is conducted in such a way that external 
work is obtained at the same time, then the solution must cool itself 
an equivalent amount, exactly as was the case with gases (p. 46). 
And if, on the other hand, one compresses the solution by the osmotic 
apparatus figured on p. 126 (Fig. 12), then the work applied will 
reappear as heat, according to the law of the conservation of energy. 
We may express this law by saying that the content of energy of a 
dissolved substance is independent of the volume of the solution. 

If we displace an osmotic piston through the volume v, and apply 
the equation (¢) on p. 23, viz. 


dA 
A — U = Ta 
then since 
ie=10} 
the maximal work 
dA 
A = Tap 


or integrated, we have 
vel Sconsts. > 


z.¢. A is proportional to the absolute temperature. Now A= Pv, 
when vy is the vélume of 1 mol; then the osmotic pressure must 
also be proportional to the absolute temperature. We found this 
latter law established by experience. Now we see that the necessary 
and sufficient condition for its validity is that the heat of dilution is 
equal to zero (van’t Hoff, 1885). 

Quite generally, in the case of concentrated, and sometimes also 
in the case of dilute solutions, where the process of dilution is 
associated with the formation of new molecular complexes, or with the 
decomposition of those already occurring, the heat of dilution may 
have a positive or a negative value. In such cases, observation shows 
no ratio between the osmotic pressure and the absolute temperature 
(see section on ideal concentrated solutions). 


The Osmotic Pressure and the Nature of the Substance 
dissolved.—In 1883, on the basis of a very extended series of 


_ observations, Raoult advanced the theorem that by dissolving equi- 
molecular quantities of the most various substances in the same solvent, 


its freezing-point is lowered the same amount. Soon after, 1887, 
he showed that the same holds good for the lowering of the vapour 
pressure, and therefore of course for the raising of the boiling-point. 


144 THEORETICAL CHEMISTRY BOOK I 


But solutions having the same freezing-point and the same vapour 
pressure, have the same osmotic -pressure; and thus the rules of 
Raoult can be condensed into the statement that solutions having 
the same osmotic pressure can be obtained by dissolving equi-molecular 
quantities of the most various substances in the same solvent. 


Osmotic Pressure and Gas Pressure.—It has been shown in 
the preceding sections on the basis of many experimental results, that 
the osmotic pressure of dissolved substances depends on the volume 
and on the temperature, in the same way that the gas pressure does ; 
further, that in both cases the amount of pressure is determined by 
the number of molecules, dissolved or gaseous, contained in unit 
volume ; and, finally, that the analogy between the behaviour of 
dissolved and gaseous substances finds expression in the theorem, that 
in both cases the content of energy at constant temperature is 
independent of the volume occupied. Now it is but a step to 
identify the absolute osmotic pressure, with the gas pressure which 
would be observed under similar relations. 

From the observations conducted by Pfeffer on water solutions of 
cane sugar, and satisfying the formula (p. 130), viz. 


P=n 0°649(1 + 0:00367t) atm., 


the pressure of 1 per cent solution at 0° is estimated to be 0°649 atm. 
The volume of a 100 g.-solution at 0° is 99°7 ¢c., and the volume, 
therefore, containing 1 mol of cane sugar (C,,H,,0,, = 342), is 
342 x 99°7 c.c.=34'1 litres. But the pressure in a volume y, con- 
taining 1 mol of a gas, as calculated from the gas laws (p. 40), is 

Rt _ 0°0821 . 273 

ar 34-1 0°657 atm. 

This value coincides in a striking way with that found directly (viz. 

0-649 atm.) ; 2.¢. the osmotic pressure is exactly the same as the gas pressure 
which would be observed if the solvent were removed, and the dissolved sub- 

stance were left filling the same space in the gaseous state at the same tem- 

perature. 

Thus the same equation of condition holds good for the dissolved 
cane sugar, as for a gas, viz. 

PV = RT =0:0821 T litre-atm., : ‘ (13) 
where P denotes the osmotic pressure of a solution containing 1 mol 
of the substance dissolved in V litres, and measured in atmospheres, 
at the absolute temperature T. 

It has been proved by numerous indirect measurements of the 
osmotic pressure, that this result has a universal value. We will next 
proceed to discuss a purely empirical law discovered by Raoult,} 
according to which the relative lowering of vapour pressure eaperienced by a 


1 Raoult, Zeitschr. phys. Chem. 2, 353 (1888). 


i 
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' solvent on dissolving a foreign substance is equal to the quotient obtained by 
dividing the number of dissolved molecules n, by the number of molecules N, 
of the solvent. This law, especially well established for dilute ethereal 
solutions, leads to the relation 
Pee 0 
crite : ; : ; 14 
ee (4) 
If we introduce this value for the relative vapour pressure, in the 
formula (1) on p. 134, we obtain 
pes 0°0821 Tx 10008 
“5 M, . 


But NM, denotes the number of grams of the solvent containing n mols 


of the dissolved substance, and denotes the volume of this in 


NM, 
10008 
_ litres, because S denotes the sp. gr. of the solvent; and therefore it 
- follows that 
NM, _ 
n1000S — 


is the volume of the solution in litres, containing 1 mol; and thus 
again we obtain the equation of condition 


082 : 
1 p = uu or PV = 0:0821T litre-atm. 

The analogous law for the lowering of solubility has been proved 
by researches with various solvents!:; the relative lowering of solubility 
is equal to the number of molecules of the dissolved substance divided by 
the number of molecules of the solvent, 1.¢. 


L-L’_n 

te N, 

If we introduce this equation into the relation given on p. 137 

which connects the lowering of the solubility with the osmotic 
pressure, we again obtain precisely as above, the equation 


PV =KRP=0:0821T. 


Finally, this relation is proved by measurements of osmotic 
pressure conducted according to the method of freezing. In particular 
Blagden (1788), Riidorff (1861), and Coppet (1871) studied the lower- 
| ing of the freezing- point experienced by water from dissolving salts, 
_ but without arriving at any simple laws of general applicability. The 
reason of this, as will be shown later, is that on account of the electro- 

lytic dissociation of salts in water, the relations are much more com- 
plicated, and therefore the laws are much more obscure than in the 
_ use of other dissolved orsolvent materials. Therefore, as soon as Raoult 
/\ turned his attention particularly to the study of the substances - of 
a : 1 Nernst, Zeitschr. phys. Chem. 6. 19 (1890). 


Ag 
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organic chemistry, he discovered the validity of the following remark- 
able law, which is supported by very numerous observations: 7 
one dissolves in any selected solvent equimolecular quantities of any selected 
substances, the freezing-point is lowered the same amount in all cases. 

If we denote the lowering of the freezing-point occasioned by the 
addition of m grams of the dissolved substance to 100 g. of the solvent, 
by t, then by combining the proposition of Raoult with the law of 
Blagden (p. 141), we have 


m 


“Ep + 


where M. denotes the molecular weight of the dissolved substance ; 2.¢. 
the lowering of the freezing-point is proportional to the molecular content of 
dissolved substance. The factor E is independent of the particular 
substance dissolved, but varies with the solvent used. Raoult called 
this factor E the “ molecular lowering of the freezing-point” of the solvent 
in question. Its physical meaning is simply that it represents the 
lowering of the freezing-point which would be observed on dissolving 
1 mol of any selected substance in 100 g. of a solvent, if solutions 
of such concentrations obeyed the law that the ratio between the 
molecular content and the freezing-point remains constant, which is 
only strictly true in dilute solutions. 
Compare Raoult’s rule with equation (10), p. 139, 


Swt 
12 = sr 
which gives the relation between osmotic pressure and lowering of 
freezing-point ; multiply both sides by V, 2.e. the volume of solution 
that contains 1 mol of dissolved substance, then the gas equation 
(13) gives at the freezing-point T, 


Pio ee 
T, 

Now SV is the mass of solvent in which 1 mol. of dissolved sub- 
stance is found; but as there are m grams, 1.¢. a mols, for 100 g. 
solvent, we must have Vis ea 
Hence Rie 

mT, 
RT,? m 
o = To0w A SS 
Equations (15) and (16) become identical when 
RT,2 


aS . Sire, 


\ 
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Thus Raoul?’s empirical molecular lowering of the freezing-point is calculated 
in equation (17), from the gas constant (R), the absolute melting-point (T,), 
and the heat of fusion (w) of the solvent (van ’t Hoff, 1885). 
If w is expressed in calories, R must be in the same unit, i.¢. is 
1°985 (p. 48). For water we have 
Tote w= 79°3'eal. 
. 1-985 x 2732 
Hence i= 7455, Safe: 6, 
whilst the latest determinations on very dilute solutions give (p. 139) 
as the most probable value =, _ 18°4. 


The following table gives for a number of solvents the molecular 
lowering of the freezing-point as observed and as calculated according 
to van ’t Hoff :— 


1 
patent, Bia wceds aud To- 278. we | 
Water . : 5 5 a 18°4 18°6 0° 79°3 
Nitrogen dioxide . , 3 41 43-47 = 10° 32-37 
Formic acid . é : : 27 28°4 8°5° 55°6 
Acetic acid . i : : 39 38°8 16> 43°2 
Stearic acid . : ; ; 44 48 64° 47°6 
Lauric acid . 5 : 5 44 45-2 AS cara Ah a8e7 
Palmitic acid : i ; 44 55 55° 39°2 
Capric acid . : , 47 ee 27° a 
Phenyl-propionic acid . , 88 ae 48°5° a: 
Stearin . 51 ws 556° oon | 
Ethylene- dibromide 4 118 119 (oer 13 | 
Chloral alcoholate ; : 78 Fit 46°2° Se 
Benzene 2 A 3 : 49 51 55> 30 
Diphenyl . oy; 82 84 70°2° 28°5 
Diphenyl-methane : s 67 ny 26° a 
Naphthalene : ' ; “jal 69°4 80° 35°5 
Phenol. é : P 74 76 39° 25 
p-Mono-brom- -phenol ; 6 107 6 63° a 
-Cresol 7 F ; ; 74 73 34° 26 
hymol : : : a 83 85 48 °2° 27°5 
Anethol 5 : : : 62 ae PX bg ee 
Benzo-phenone . 5 ; 95 96 48° 21°5 
Urethane. : ; 50 50 487° 41 
Methyl carbamate : ‘ 44 re 50° fs 
Acetoxime . ieee : 55 ae 59°4° a 
Azo-benzene . : ; : 82 82 66° 27°9 
Nitro-benzene, ... . j 70°7 69°5 5°3° 22°3 
| p-Toluidine . : 3 : 52 49 42°5° 39 
Diphenyl-amine . : 5 88 88°8 54° 24 
Naphthyl-amine . : : 78 81°2 50°1° 25°6 


1 From the measurements jof Raoult, Ann. chim. [5], 28. [6], 11.; Beckmann, 
_Zeitschr. phys. Chem. 2. 715; Bykman, ib. 3. 113 and 203, 4. 497 ; Ramsay, 1. 5. 222, 
a w, the heat of fusion, from the measurements of Berthelot, Pettersson, Eykman, 
a Battelli, Bruner, and others, See especially Stillmann and Swain, Zeitschr. phys. Chem. 
29. 705 (1899). : 


/ 
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At first Raoult suspected that the relation between the molecular 
lowering of the freezing-point and the molecular weight of the various 
solvents was a simple one, represented by the equation E=0°62M). This 
was not supported by further observations. It was van ’t Hoff who first 
showed how the value of E could be calculated from the melting-point and 
the heat of fusion of the solvent. 


The Law of Absorption of Henry and Dalton.—It has long 
been known that there is a simple relation between the vapour pressure 
of a substance in solution and the concentration. It is usually 
formulated thus : gases dissolve in any selected solvent in the direct ratio of 
their pressure (Henry’s Law of Absorption, 1803). The proof of the 
law was mainly confined to measurements of the solubility of permanent 
gases, and was shown to be extremely accurate. The law, of course, 
holds good in a similar way for dissolved liquids, and thus, to take an 
example, the partial pressure of alcohol in the vapour over its dilute 
water solution is proportional to its concentration in water. 

In the sense of Henry’s law there must exist between the vapour 
pressure p, and the osmotic pressure P, of the dissolved substance, a 
ratio which can be expressed by the equation 


areas 
Bia peae 
if we compare these with the equation developed on page 140, viz. 
vdp = VdP, 
it follows that 
py = PY, 
i.e. we again obtain 
Pivi=tole 


Thus for all gases or vapours which dissolve in any selected solvent pro- 


portionally to their pressure, i.e. for those which obey Henry's law of absorption, — 


their osmotic pressure is equal to the corresponding gas pressure From the 
—so far as is known—high accuracy of the law of absorption it may 
be concluded that the osmotic pressure follows the laws of gases with 
equal accuracy. The exactness of the law of absorption offers the 
simplest, and also the most exact experimental proof, that the dissolved 
substance exerts the same pressure on a semi-permeable partition that 
it would exert on an ordinary partition, were it a gas at the same 
temperature and concentration. 

As Dalton discovered in 1807, each gas in a gas mixture dissolves 
in accordance with its own partial pressure ; and this can only mean 
that each of the dissolved gases exerts the same osmotic pressure that 
it would if it were alone ; 7.¢e. the same simple law of summation, as 
found by Dalton for gases, also holds good for the osmotie pressure of 


a solution of several substances ; and therefore the total lowering of — 


1 van ’t Hoff, Z.c. 


—o 
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the freezing-point occasioned by two dissolved substances in the same 
solution is equal to the sum of the lowerings which each would 
occasion were it alone; the same holds good also for the lowering of 
the vapour pressure, and of the solubility, provided, of course, that no 
chemical action occurs which would effect a change in the number of 


'. the molecules. 


The Nature of the Solvent.—The question how the nature of 
the solvent influences the osmotic pressure of the dissolved substance, 
is at once settled by the fact that, as it is identical with the gas 
pressure, there is no dependence at all between the osmotic pressure 
and the nature of the solvent. 

A direct proof is afforded by investigation of the partition of a 
substance between two solvents; in analogy to Henry’s law it is found 
that the concentrations in the two solvents are proportional, just as in 
the partition between gas-space and solvent ; thus, for example, if one 
mixes together carbon disulphide, water, and iodine, then the ratio of 
the concentration of the iodine in the carbon disulphide, to that in the 
water, at a temperature of 15°, is 410, regardless of the quantity of 
iodine used. 

If we introduce this relation into the equation (p. 140), V,dP, = 
V,dP,, then by a method exactly similar to that given in the preced- 
ing section, we obtain the result 


By) =P,V,; 


i.e. under the same spatial concentration the osmotic pressure is the 
same in the two solutions. We must conclude, therefore, that by 
dissolving the same quantity of iodine in a litre of water as in a litre 
of carbon disulphide, we obtain the same osmotic pressure in the two 
solutions. 


It is, of course, assumed in this that the dissolved substance has the same 
molecular weight in the two solvents: otherwise the osmotic pressure of 
equally concentrated solution would be different (e.g. if double molecules are 
formed in one solyent—as by acetic acid in benzene,—whilst in another, such 
_as water, the molecular weight is normal). If the molecular weight is not 
the same, the ratio of partition is not constant (Book III. Chapter III). 

The earliest experiments on partition between two solvents are due to 
Berthelot and Jungfleisch (Ann. chim. phys. [4], 26.396, 1872); as they 
investigated many substances that did not satisfy the above condition, 
Berthelot concluded that the partition coefficients vary with coucentration 
even in dilute solution. I showed in 1891 that constancy of the partition 
coefficient is associated with similarity of molecular condition of the dissolved 

_ substance in the two solvents (Zeitschr. phys. Chem. 8. 110, 1891). 
, Since for a given concentration, osmotic pressure is independent of the 
nature of the solvent, it follows that it is not altered by compression of the 
solvent, provided that no change of molecular state is produced, This result 
may be easily proved thermodynamically. 
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Molecular State of Bodies in Solution.—The results of the 
preceding paragraphs all support the empirical law that the osmotic 
pressure of a dissolved substance is equal to the gas pressure which 
could be observed manometrically if the solvent were removed and the 
dissolved substance left in gaseous form occupying the same space. 

From this follows a practical application of the .methods for 
measuring osmotic pressures that is of great importance. If the 
osmotic pressure of a substance—not too concentrated—in any solvent 
is measured, the corresponding gas pressure is known, and all the data 
are at hand for determining the vapour density, and so by Avogadro’s 
law the molecular weight. We have thus methods of finding the 
molecular weight of substances whose vapour density it is difficult or 
impossible to measure, because they only evaporate at high tempera- 
ture or not at all without dissociation. Moreover, it is to the 
advantage of these methods, that with a proper choice of solvent the 
osmotic pressure is usually more convenient to measure in this way 
than the vapour density. 

It must be observed, however, that determination of molecular 
weight by osmotic pressure is purely empirical. It is only a result of 
experience that the osmotic pressure is equal to the pressure that the 
dissolved substance would exert as a gas in the same space if the 
solvent were removed. It is, moreover, indifferent whether the 
experiment can be realised or not, 7.¢. whether the dissolved substance 
is capable of existing as a gas under the given conditions; it is true 
that we can calculate the vapour pressure under given conditions of 
any chemically well-defined substance by means of Avogadro's law, 
and conversely, when we know the vapour pressure (corresponding to 
the osmotic pressure), we can calculate the molecular weight. But 
the calculation has no other basis than the equality that is often 
observed between gas and osmotic pressure; no assumption can be 
made beforehand as to the molecular state of the substance in 
solution. 

The remarkable relation between osmotic pressure and molecular 
weight, however, demands a theoretical explanation ; and the explana- 
tion evidently must turn on the molecular state of the substance in 
solution. Hypothesis must, of course, come in here, because every- 
thing about the molecular state is hypothetical, and rests on the 
hypothetical assumption of a discrete arrangement of matter in space. 
The choice met with in establishing a suitable hypothesis is not often 
more easily made, however, than in this case. 

The knowledge that dissolved substances follow the laws of gases 


leads by analogy to the conclusion that the molecular state of a dissolved 


substance is like that of a gas; or in other words, that Avogadro’s law 
applies to the former. Thus we arrive at the following hypothesis :— 

Is-osmotic solutions contain the same number of molecules of dissolved 
substance in a given volume, at a given temperature, and the number is the 


= 


a 
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same as in an equal volume of a perfect gas ut the same temperature and 
pressure (van ’t Hoff). 


It is often stated that experiment shows the osmotic pressure to follow 
the laws of gases, namely, those of Boyle, Gay-Lussac, and Avogadro; this 
is an error in principle and must be especially guarded against. Only the 
two first are the expression of experimental facts. Avogadro’s rule is equally 
hypothetical for solutions and gases, and one can hardly see how this can be 
altered by experimental facts. 


Osmotic Pressure and Hydro-diffusion.—Reference has already 
been made to the well-known phenomenon that substances in solution, 
when left to themselves, wander from places of a higher to those of a 
lower concentration, and this leads to the conclusion that external 
work can be developed by diluting a solution. The osmotic pressure, 
which we have come to regard as a most convenient help in calculation 
to express the value of this work numerically, must also be regarded 
as exerting a great influence in the phenomenon just described ; this 
is generally known as “hydro-diffusion,” or simply as “diffusion” ; it 
plays a very important réle in many processes of sub-organic structures 
in nature, but especially in plant and animal organisms. 

This was first discovered in its general signification by Parrot 
(1815), but Graham! first made it the object of a thorough investiga- 
tion which was mainly confined to aqueous solutions. It was shown 
that the coefficient of diffusion varies with the nature of the substance 
dissolved, and in all cases increases strongly with increasing temperature. 
Later investigations showed that a simple law may be formulated for 
the process of diffusion, which is completely analogous to that advanced 
by Fourier for the conduction of heat. This states that the mechanical 
force which drives the dissolved substances from places of higher to 
_ those of a lower temperature, and, therefore, also the velocity with 

which the dissolved substance wanders in the solvent, is proportional 
to the concentration gradient. It is this fundamental law which makes 
possible a complete mathematical description of the process of diffusion, 
as was first suspected by Berthollet,? but later and independently 
restated by Fick,? who subjected it to a thorough theoretical and 
experimental proof. In the sense of the preceding law, the quantity 
of salt dS, which passes in the time dz, through the cross-section q of 
a diffusion cylinder, when c is the concentration of the whole cross- 
section at the point x, and c+de at the point x+ dx, is given by the 
equation : 5 


de 
dx 
“D denotes a constant. peculiar to the particular substance dissolved, and 


J 1 Lieb, Ann. '7'7. 56 and 129 (1851); 80. 197 (1851). 
2 Essai de statique chimique. Paris, 1883. Part I. chap. iv. 
3 Pogg. Ann. 94. 59 (1855). 
vi 


dS = — Dq-—dz; 
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called the ‘diffusion coefficient.” Fick’s law has nothing to sat con- 
cerning the nature of the mechanical force. Moreover, later and 
thorough investigations of this have led to the result that it can claim 
to hold good only approximately, since the coefficient of diffusion 
in general varies more or less with the concentration. 

The author! has sought to develop the theory of the phenomena of 
diffusion, on the basis of the modern theory of solution. Thus, for 
example, we will consider the diffusion of cane sugar in water: if we 
pour a layer of pure water over a solution of cane sugar, the dissolved 
sugar at once begins to pass from points of higher to those of lower 
concentration, and this process does not cease till the differences of 
concentration are completely equalised. This obviously concerns the 
action of the same expansive force which we have learned to call 
the osmotic pressure; the process is completely analogous to the 


equalisation of differences in density, developed by any cause what- - | 


ever, in gases; and, moreover, under corresponding conditions the active 
forces are of the same magnitude. But, on the other hand, equalisa- 
tion of density comes about very quickly in gases, while the substances 
dissolved in a liquid move very slowly. The reason for this is to be found 
in the fact that gas molecules in their movement meet with only very slight 
resistant friction, which, however, in the case of liquids 1s enormous. 

The efficiency of the law of Fick is shown by the fact, that the 
driving force occasioned by differences of pressure, is proportional to the 
steepness of the concentration gradient. But since we can calculate the 
absolute value of the force from the law of osmotic pressure, and since 
we can measure directly the velocity of diffusion, it is possible to 
calculate on the absolute scale the resistant friction experienced by the 
dissolved substance in its movement through the solvent. By carrying 
out the corresponding calculation (see Book II. Chapter VII.) for the 
resistant friction K, we obtain the formula 

E99 
ae D 


x 10°(1 + 0:00367t) ; 


where D denotes the coefficient of diffusion measured for the tempera- 
ture t. Thus, for example, K for cane sugar at 9°, where D=0°312, 
is calculated to be 6°7 x 10° kg. in weight ; i.e. it requires this enormous 
force to drive 1 mol of cane sugar (= 342 g.) through the solvent 
(water) with a velocity of 1 cm. per second: this enormous value 
finds its explanation in the smallness of the molecules. 


Osmosis by Isothermal Distillation. 


A very interesting experiment made by Magnus (1827) has recently 
been brought into notice again by Askenasy,? who carried it out in oe 


1 Nernst, Zeitschr. phys. Chem. 2. 613 (1888). 


2h. Askenasy, a ery zur Erklarung des Saftsteigens,” Verhandl. des auth, med. 
Vereins zu Heidelberg, 5. (1896). 
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following form, A glass tube is widened to a funnel at one end and 
closed there by a layer of gypsum ; it is filled full of water and placed 
with the gypsum plate uppermost and its lower end dipping in a dish 
of mercury. The water used may conveniently be saturated with 
gypsum to avoid solution of the plate. The water evaporates slowly 
_, through the layer of gypsum—the process can be hastened by leading 
dry air over the plate. As the evaporation proceeds the mercury rises 
in the tube and may reach a height considerably exceeding that of the 
barometer at the time. 

In a recorded experiment the mercury rose in fifteen hours to 
89°3 cms., the barometer being at 75°3; it then touched the gypsum 
layer and so closed the experiment. The diameter of the tube was 
3°3 mm. and evaporation took place in free air. 
Usually the end of the experiment was caused by 
formation of an air bubble under the gypsum, 

- which consequently dried; then the mercury 
gradually fell again. 

Equilibrium was apparently not reached in 
| these experiments: a simple thermodynamic argu- 
ment will show what the equilibrium should be. | 
Clearly evaporation will go on till it is stopped 
by the tension of the mercury column, and the 
| tension will be greater the drier the air over the 

gypsum layer. 

For definiteness consider the following arrange- 
_ ment (Fig. 16) :—Ata is a thin layer of pure water, 
_ under it mercury, over it a thin partition which has 

the property of being impermeable for gaseous, 
} but permeable for liquid water. This property is possessed by 
} Askenasy’s moist gypsum through the pores of which water passes 
easily, though it is air-tight even for moderately high pressures.’ 
Let the pressure above the gypsum be p’, which may be that of a 
solution bb; the vapour pressure of the pure solvent being p. To 
determine equilibrium apply the law (p. 27), that at constant tempera- 
| ture variations in the neighbourhood of equilibrium must be reversible. 
If dx mols of water are distilled from the funnel to the solution, 


Fig. 16. 


the system loses free energy to the extent dx RT In 2 ; at the same time 


mercury is raised through the height H and so free (potential) energy 


is stored up to the extent He “dx, where g is the acceleration of 


S 
gravity, M the molecular weight of the solvent, S its density, and that 


Mo) 
of mercury, s0 that wax is the mass of mercury lifted. Since ‘the 


Ss 


1 The same property would be possessed by any solid partition that can dissolve water. 
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process is reversible, i.e. involves no loss in power to do work of the 
system (free energy), these quantities of work must be equal, or . 
dx RTIn 2 =H 8” ax, 
p ) 


or the pressure P of the mercury column is 


P=Hog=s,RTIn®, 


in other words, it is simply equal to the osmotic pressure of the solution 
in bb (p. 135).4 

Conversely, measurements of the rise in the tube—which, it is seen, 
is quite large—would be a means of determining osmotic pressure, or 
lowering of vapour pressure. 


Osmotic Pressure in Mixture.—If for 1. mol of dissolved 
substance there are v mols of a simple solvent, then according to p. 145, 
we have 


1 in? or isvint,, 
ae: p 


where p is the vapour pressure of the solvent, p’ that of the solution. 
If a substance occurs in a mixture of several solvents, a formula - 
may be found on the very reasonable assumption that the osmotic 
pressure of a substance (in normal molecular state) being independent 
of the solvent, follows the gaseous laws in mixed solvents also. It 
may be shown thermodynamically that if there be v,, v, mols of the 
solvents containing 1 mol of dissolved substances, p,, py. their vapour 
pressures, p’,, p’, the same after addition of the dissolved substance,” 


l=y ln ece ane ee : ; 2 

ma Pe ese de) @) 

Formula (2), which is a generalisation of the Raoult-van ’t Hoff 

formula (1), was satisfactorily verified by Roloff,? so one may conclude 
that the osmotic pressure follows the gas laws in mixtures also. 


It is interesting to note that Roloff found some of the terms in the 
summand (2) may be negative. Thus when KCl is dissolved in a mixture 
of water and acetic acid the vapour pressure of the acid is raised; ps >Po, 
and consequently the corresponding logarithm is negative. 


General Remarks on the Theory of Osmotic Pressure.—It 
is remarkable, and, I may say, inexplicable, how often we find the 
statement in modern literature that osmotic pressure is only’ of 
secondary importance for the theory of solutions. 


1 An elementary proof analogous to that of p. 182 ff, is given by Reinganum, Wied. 
Ann. 59. 764 (1896). 


2 Nernst, Zeitschr. phys. Ohem. 11. 1 (1898). 3 Ibid. 17. 
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It is of course admitted that the laws of lowering vapour pressure, 
freezing point, etc., and in fact all questions of physical and chemical 


equilibrium, may be treated thermodynamically without the introduc- 


tion of osmotic. pressure. Whether the thermodynamic method is 
as clear and convincing as van ’t Hoff’s treatment is another question ; 
in this connection the strength of the generalisation of Avogadro’s rule by 
the analogy between gaseous and osmotic pressure may well be pointed 
out. But when it comes to explaining hydro-diffusion, an essentially 
dynamic phenomenon, the theory of osmotic pressure is indispensable ; 
and as, when a doubt exists, we should always choose as our theoretical 
basis that conception which allows the most complete and extensive 
treatment, so every rational general theory of dilute solutions should, 
in my opinion, start from the conception of osmotic pressure. 


Osmotic Pressure at High Concentrations 


The osmotic pressure reaches considerable amounts even for 
moderate concentrations ; in a solution of 1 mol (eg. 46 grams of 
alcohol) in a litre it is 22°4 atmospheres at the freezing-point, accord- 
ing to the laws of gases (p. 40). As: there is no prospect of making 
semi-permeable partitions capable of standing this or higher pressures, 
we are driven to indirect means of measurement for the osmotic 
pressure of concentrated solutions.! 

The calculation of this quantity gives the work needed to separate 
the two components of the mixture—as a concentrated solution may 
be called—a problem already considered in a general way on p. 109. 
The following calculations form therefore a special application of the 
principles developed there, but with the aid of the experience we have 
gained in the consideration of a special class of mixtures, viz. dilute 
solutions. 

It was found on p. 135, equation (4), by means of isothermal 
distillation, that 

p= RTin?, 
M P 
or 
pert? 
S P 
in the latter form the left-hand side stands for the osmotic work, the 
right-hand that done in isothermal distillation ; equality of the two 
follows, in all cases, from the second law as expressed in equation 


ne) Of ps1 9: 


Now the expression for the work in isothermal distillation holds 
good for any range of concentration, provided only the vapour of the 


t Berkeley and. Hartley, Phil. Trans. 206, 481 (1906), have, however, succeeded 


in preparing semi-permeable miembranes capable of standing pressures of over 100 atmo- 


spheres. —TR. 
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solvent follows the laws of gases and the difference between the 
specific volumes of the solution and solvent can be neglected in com- 
parison with that of the saturated -vapour. The latter condition is 
practically always satisfied, and if the former is not, a correction can 
easily be applied to the calculation if the characteristic equation of 
the vapour is known. 


The osmotic work, on the other hand, is also equal to the osmotic 


pressure multiplied by the volume through which the semi-permeable 
piston must be lowered to press out 1 mol of solvent for solutions of 
any concentration ; this volume, however, is not necessarily equal to 
that of the expelled solvent, as is the case in dilute solutions. That 
is only the case when on adding a small amount of solvent to the 
mixture the volume of the latter is increased by the volume of the 
solvent added, i.e. if the mixture occurs. without contraction or 
expansion. Still this assumption is usually permissible even for 
strong solutions. 

Eg. if 2 grams of water are added to 100 g. of a 50 per cent sugar 
oo = 49:02 per cent solution; the density of the 
former at 17°5° is 1°2320 S, of the latter 12275 S where S is the 
density of water at the same temperature. The change of volume is 
therefore 


solution we get a 


100 +2 100° 198% 
122758 1232998 § ° 


2 
whilst Ss is what it would be if there were no contraction. Calculation of 


a number of such cases shows that equation (3), p. 134, 


M 
dv =—"dx, 


Ss 


may be applied even to 20 to 80 per cent solutions with an error of less 
than 1 per cent. Moreover, the circumstance that a compressed solution 
(inside the osmotic cell) is mixed with an uncompressed solvent, matters 
little, for the compressibility of liquids is always minute. In what 
follows we shall, to avoid complication, assume the liquid to be incom- 
pressible, though that is of course not the case. 


If II be the osmotic work for a solution of any concentration, we 
have 


M 
II => Pel Site €) 5 5 5 A (4) 
in which «¢ is the relative increase in volume due to mixture of a mol 


of solvent with a large quantity of solution (under pressure P)—con- 
sequently a mostly negligible amount. Further 


H=RTIng Ri aaaae (2) 


.) a 
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with the restrictions already mentioned, which are of no practical 
consequence. 
According to the second law (equation e, p. 23) 
dil 
ar : : : (3) 


in which q is the heat evolved on adding a mol of solvent to a large 


II -q=T— 


' quantity of solution. From (2) and (3) follows the relation already 


given on p. 118, 


dln y 
q=- RE ; : ‘ (4) 
0Q(x) 
Ox 


The meaning of q as has been referred to. If q=0, In Pp is 
P 


independent of T, so that according to (2) II is proportional to T even 
for concentrated solutions. 


The osmotic work may also be calculated from the freezing-point of 
strong solutions without much difficulty. 
To integrate equation 8, p. 138, more exactly, we put, according to 
p. 61, 
A=, -(C,-C,)T . . : E (5) 
and the heat of sublimation 
ine ig ira (Oc KO. ae ie a) 


where ©,, C, are the molecular heats of the liquid and solid solvent. The 
integrals become (p. 61) 


A O,-C 
Rant o R *In T+ K, . . . (7) 
- ope neo. 
In p'= —pm- R >In T+ K,. 2 3 3 (8) 
To determine the integration constants K,, K, we have (p. 138) that at T, 
P'=P=Py — 
and therefore 
Ag pCi =C 
0 al ci i 7) sl Oiad rd We ; ; (9) 
ao, C,-C 
Ll) py ~ RT, - 7 in Ty + kK... ; Peel), 


(7) — (8) - (9) + (10) gives 


eee . (OS ecu a 
en Ae ee Oa : (11) 


If we put t=T, -T Sy Ane in series 


jeer Be tie a) ke 
' In =ln (Q+a)-g-snt om mews 
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retaining only three terms, (11) becomes 


p = Ap + (Cy -O,)T, _O,~ Cy t , =O, 
al sii 2 een 


In (12) 


—A,+(C, —C,)Ty)=p, 
where p is the heat of fusion at the melting-point of the solution; hence 
(12) becomes es 
p tT p. GC -—Cy.t CO) —Che : 
= a i : : 1 
ny ae 25 12" age me a8) 


and the osmotic work at temperature T, the freezing-point of the solution is 


Re Dues pues C, -C, t? 
Es 10 das edt a eae 


(14) 


If we require the osmotic work, not at the variable freezing-point of 
the solution, but always at the same temperature, say the freezing-point of 
the pure solvent Tj, we must fer equation (4) and get 


Pie 


Ins +const., . 5 é : (15) 
yp 


ant 


for as we are only concerned with a small correction, q may be regarded as 
constant with sufficient accuracy. 
Then for T, (15) becomes 


Le) Eee: i 
(in a = RT, + const. : : : (16) 
(18) — (15) + (16) gives 


p padi Opa Cs bree mae 
(>) Sales 2 f° 3 oF 


and the osmotic work at temperature Ty 


O/=0,T,t., Cues 
Hy=RT,(n T= { a +i } (17) 


ae 2 7? 3 13 


This formula was obtained by Dieterici (Wed. Ann. 52. 263, 1894), who 
also showed by examples that (2) and (17) give values for the osmotie work 
in satisfactory agreement. The formula was also given independently by 
Th. Ewan (Zectschr. phys. Chem. 14. 409, 1894), who in integrating (4) paid 
attention to the variation of q with temperature ; the correction term thus 
obtained, however—involving the specific heats of solution and solyent—is 
almost always negligible. To show the usefulness of equation (17) we will 
take the case of some potassium chloride solutions, whose vapour pressures 
(Dieterici, Wied. Ann. 42. 513, 1891; 50. 47, 1893) and freezing-points 
(Roloff, Zeitschr. phys. Chem. 18. 572, 1895) have been accurately measured. 
In the following table m signifies the number of grams to 100 grams solvent, 
t the lowering of freezing-point, q the heat of dilution, p’ the vapour 
pressure of the solution at 0°; p that of pure water at the same temperature 
is 4620 mm. :— 
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)_ Ee 

m. t, g. yp’. | Bo: 

| cale, | cale.s. 
| 

0 0 0 4°620 ake zal 

3°72 1°667 — 1°63 4°546 8°80 8°72 

7°45 8°284 — 5°96 4°472 17°55 17°62 
14°90 6°53 —19°5 4°326 35°18 35°60 
22°35 9°69 —34°3 4°190 52°64 52°96 


Under cale., are given the values derived from equation (17), assuming 


” that 


T)=273 p=18x803=1445 0,-0,=18x 0-475 =855. 
Under cale., are the values derived from equation (2) assuming that 
R= 1-985. 


In both cases we obtain the osmotic work in ordinary calories; the agree- 


_ ment is very satisfactory. 


Ideal Concentrated Solutions.—It is natural to compare the 


_ change in total with that in free energy, or in other words, the heat 


of reaction with the osmotic work, in concentrated solutions. 
If a mol of water be taken from a solution I. to II., then the heat 


een 


if there are n, mols. of water to one of salt in solution I. and n, in II. 
The osmotic work according to equation (2), p. 156, is 


| evolved is 


RUN Co oe cae 
Pe 
where p, and p, are the vapour pressures of the two solutions. 
Comparison shows that there are concentrated solutions for which 
these two quantities differ very little from each other, and as we shall 
see that such solutions have in many ways a remarkably simple 


' behaviour, it is convenient to describe them as “ideal concentrated 


solutions.” 1 


: nad from (2) 


For example, take solutions of sulphuric acid containing respectively 


29°2 mols and 4°76 mols of H,O for one of H,SO, The heat of 


dilution can ae cand from the equation of p. 109. 
Q(n = 17,860n~ 0Q(n) 32,150 
le 1 Ooo. (n+ 1-8)? 


- Hence for (1) we get 


747°0 — 33°5 = 713°5 cal. 


1 W, Nernst, Wied. Ann. 58, 57 (1894). 
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Wiete 58 
T= 1985 ex 273s 1-206 = 688°'5 cal. 
taking the vapour pressures (at 0°) as p,=4°284, p,=1'206 nm. 
(Dieterici) ;+ the results agree within the limits of error of measure- 
ment. 
In the following table the same calculation is made for a number 
of solutions :— 


er 0Q(n) 90) (20) 
: 1252 logo 22, sf Sa a SS) ¥ 
i x od p2 on ( On /n=ng On /n=n, 
6 4°620 ; 0 
91°6 4535 a 3-96 s . 
292 4°284 852 33°48 851 
14°66 3664 ae 118°6 
cere Oo: 117°6 See 116°9 
9°93 2°952 q 235°5 
j i 307°1 f 8308°5 
5°89 1°679 ¢ 544°0 
oS), = 180°6 ine 202°0 
4°76 1°206 1080-0 746°0 1082-0 
2°40 0164 1828-0 


In the third column is the osmotic work, in the last the corre- 
sponding development of heat, both quantities relating to the pair of 
solutions between which they are placed. The comparison shows 
that for n=91°6 even the region of ideal concentrated solutions is 
reached ; the agreement between that point and n= 2-40 is striking— 
the deviations are so irregular that they are probably due for the 
greater part to error of measurement.” 

Just as in ideal dilute solutions the lowering of vapour pressure 
and change of boiling and freezing-points can be calculated from the 
osmotic pressure, and consequently also from the rise in boiling-point 
or fall in freezing-point, so here in ideal concentrated solutions the same 
things can be deduced from the heat of dilution. The relations are 
simple in both limiting cases, because in the fundamental equation 

dA 


A-U=Tan 


one of the terms vanishes—in ideal dilute solutions U, in ideal con- 


centrated solutions es (See also p. 35.) 


aT 
If now the identical equations 
dA 
aT = rand Ate Ui 


1 Wied. Ann. 50. 47 (1893). ; 
2 The new numbers of Dieterici agree a good deal better than the earlier ones of 
Regnault used in my original paper. 


: | 
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are to hold not merely at a singular point, but over a considerable 


_ range pe temperature we must also have 


ot =0, 


i.e. the heat of dilution of an ideal concentrated solution is inde- 
pendent of temperature. 
Thus 
H,SO,. 4H,0 +5H,0=H,SO, . 9H,O 
gives 2559 cal.; the thermal capacity before mixture is according to 
Thomsen 


H,SO, + 4H,0 i ; ‘ : 92-7 
ees on oe ke 80 
182°7 cal. 
and after 
H,SO,. 9H,0 182:0 cal. 


The difference (0°7 cal.) is according to p. 9 the change of heat of dilu- 
tion per degree of temperature; so the heat of dilution 2550 cals. varies 
only 3 parts in 1000 per degree. 


According to measurements made up to the present, which how- 
ever are still very few in number, those solutions with considerable 
heat of dilution behave as ideal concentrated solutions. 

Calculations similar to those we have just carried out for the 
isothermal distillation of one component (H,O), can of course also be 
carried out for the second component (H,SO,). According to the 
above considerations the vapour pressure of the water must decrease 
quicker with increase of concentration the greater is the heat of dilu- 
tion. ‘This is confirmed by many examples. 


Solid Solutions.—We have already seen (p. 115) that these 
solid mixtures, which are not merely mechanically formed, but result 
from mutual molecular interpenetration of the components, can be 
compared with liquid mixtures in many respects. The supposition is 
thus at once forced upon us, that the behaviour of a solid mixture, 
like that of a liquid mixture, would be very simple in the case where 
one of its components is pce ay in great excess, i.e. where we are 
considering a “dilute solid solution.” 

Experiment shows that this supposition is fulfilled ; at least van’t 
Hoff + has endeavoured to show that we may venture to speak of the 
osmotic pressure of substances ewisting im solid solution, which is analogous 
to that of the liquid solution, and obeys the same laws. 

To be sure there is no opportunity of measuring this directly by 


means of a semi-permeable partition, since the chance of its realisation 


in a solidified system is as good as impossible; but it is to be hoped 


1 Zeitschr. phys. Chem. 5. 322 (1890). 
M 


iy 
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that we may obtain measurements of these enormous pressures by 
indirect methods. Indeed, the property of substances dissolved in 
solidified systems, of spreading through the solid by diffusion, certainly 
speaks clearly and beyond all doubt in favour of the existence of an 
inherent expansive force, which can be regarded as comparable to the 
osmotic pressure. 

Various facts point to diffusion in solids. Hydrogen dissolved in 
platinum and palladium gradually spreads through the whole metal, 
as has long been known. A very clear case of this was observed by 
Bellati and Lussana,! who showed in many ways that nascent hydrogen 
is capable of penetrating iron comparatively easily at ordinary 
temperatures. #.g. a barometer was closed at the top by an iron 
plate, and by cementing a glass ring on this, an electrolytic cell was 
made in which hydrogen was generated at the iron plate; the mereury 
at once fell by diffusion of the hydrogen through the plate imto the 
barometric vacuum. Carbon finds its way into hot iron, and can even 
pass through a porcelain crucible. Further, Roberts-Austen * observed 
that gold diffuses through lead at 251° (75° below the melting-point 
of the latter), and even to a perceptible extent at atmospheric 
temperature in the course of a few years. According to experiments 
by Spring (1886), solid barium sulphate and sodium-carbonate react 
to the extent of reaching a state of equilibrium, which appears hardly 
possible without molecular interpenetration. 

Again the fact that many substances conduct electrolytically 
indicates the possibility of diffusion in solids, for, as we shall see later, 
ionic transport and diffusion are intimately connected. 

It must, however, be remarked that there are other cases that do 
not show the slightest trace of diffusion in the solid state. Thus in 
petrography sharply bounded portions are sometimes found in a 
homogeneous crystal that show different colouring to the rest; here 
no appreciable equalisation by diffusion has taken place in thousands 
of years, although the colouring matter must be regarded as in a state 
of solid solution. If osmotic pressure can be assumed in such cases 
the dissolved molecules must encounter quite extraordinary resistance 
to displacement in their solvent. 


When a liquid solution is brought to its freezing- point, the solvent — 


separates as a rule in the pure state, as is well known; the Raoult- 
van’t Hoff formulae hold good for this case. But in some cases there 
are observed considerably smaller lowerings of the freezing-point, than 
those calculated from the molecular proportions of the dissolved sub- 
stance, according to the preceding formulae ; usually this is explained 
by polymerisation of the dissolved substance. But there are cases 
in which such an explanation is highly improbable or even quite 
inadmissible, and then it appears that a mixture of solid solvent and 


1 Atti R. Ist. Veneto [7], i 1173 (1890); abstract Zeitschr. phys. Chem. 7. 229 
(1891). Proc. Roy. Soc. Lond. 6'7. 101 (1900). 
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dissolved substances crystallises out in place of the pure solvent—the 
hypothesis originally put forward by van’t Hoff (/.c.). 

It is easy to see that in such cases the lowering of the freezing- 
point must be too small. According to the considerations of p. 118 
the freezing-point of a mixture must sink continuously, only becoming 
constant when the part crystallising out has the same composition as 
that remaining liquid. Thus if the solid separating out contains 
more of the dissolved substances than the residual liquid the latter is 
diluted by freezing, 7.¢. the freezing-point must, in this case, rise with 
increasing concentration ; if, on the other hand, the frozen-out solid is 
less rich in the dissolved material than the residual liquid, the 
freezing-point must fall with increase of concentration; but clearly 
not so fast as when the pure solvent crystallises out, 2.e. the lowering 
of freezing-point is lessened. 


Tf, after van’t Hoff, we apply the notion of osmotic pressure to solid 
| solutions, the vapour pressure of the solid solvent must be reduced by the 
- taking up of dissolved substance. If the vapour pressures of solid and liquid 
solvent are lowered to the same extent by the addition of dissolved substance 
the freezing-point must obviously remain unaltered, since this point is 
characterised by equality of vapour pressure in the two states of aggregation. 
The freezing-point must rise if the vapour pressure of the solid is more 
affected than that of the liquid, fall in the contrary case. These relations 
ean be easily followed by means of Fig. 15, p. 137, if the vapour pressure 
of the solid solution be introduced by a line lying below and parallel to the 
curve of vapour pressure of the pure solid solvent. 


It is found in fact that some abnormally small freezing-point 
depressions are produced by co-crystallisation of dissolved natoial: 
Thus, according to van Bijlert,! a solid solution freezes out of solutions 
_ of thiophene in benzene ; its composition is, according to Beckmann,? 
| practically 0°42 times the concentration in the liquid, whatever the 
strength of the solution ; there is thus a constant ratio of partition of 
thiophene between the liquid and solid solvent. Solution of antimony 
in tin and #-naphthol in naphthalene raises the melting-point, and van 
| Bijlert found that the crystals contain a larger percentage of the 
dissolved substance than the liquid, in accordance with the above 
theory. Beckmann and Stock? found that iodine, which gives 
_ abnormally small depressions in benzene, is shared between solid and 
liquid solvent in an approximately constant ratio, like thiophene. 
Ferrantini and Garelli* have made extensive investigations on co- 
erystallisation of dissolved substances, especially of cyclic - organic 
compounds ; see further the work of Bruni® and his pupils. 


1 Zeitschr. phys. Chem. 8. 343 (1891). 2 Ibid. 22. 609 (1897). 

3 Ibid. 17. 107 (1895). 

4 Zeitschr. phys. Chem. 18. \7 (1894), communicated by Ciamician ; see also Garelli, 
Gazz chim. 23. 354; 24. 229 (1894). 

5 Published in the recent volumes of Gazz. chim. 
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Observations made up to the present, though rather disconnected, 
appear to show that the osmotic pressure of dilute solid solutions 
can also be calculated according to-the gas laws (see also Book II. 
Chapter III. paragraph ‘‘ Molecular weight of solid substances ”). 


It should be added that Ktister (Zectschr. phys. Chem. 17. 367, 1895) 
maintains the very reasonable view that a distinction should be made 
between solid solutions and isomorphous mixtures. Only in the former is 
diffusion of a dissolved substance possible, according to this view, while in 
the latter the molecules of the added material form part of the crystalline 
structure and are held in fixed positions of equilibrium by the forces that 
produce orientation of the crystal molecules. Again an opinion of Bodlander 
should be noted, that in the formation of solid solutions, eg. separation of 
iodine with crystallising benzene, absorption phenomena play an important 
part (see for this and the theory of solid solutions generally, Bodlinder, 
Neues Jahrbuch fiir Mineralogie, Beilage-Band, 12. 25, 1898). 


BOOK I 


ATOM AND MOLECULE 


CHAPTER I 
ATOMIC THEORY 


Combining Weight and Atomic Weight.—The question whether 
a well-defined chemical substance is an element or a compound of 
several different elements, and in the latter case to what extent each 
element is contained in unit weight of the substance, is a purely 
experimental problem, which can be answered in any given case with 
great certainty and exactness by means of analytical chemical methods, 
without recourse to theoretical speculation. The elementary analysis 
of a compound is included among the commonest operations of a 
chemical laboratory, and a description of the purely chemical methods 
of such an investigation does not lie in the province of this treatise. 
The question as to the relative number of atoms in the molecule 
of a compound is, however, entirely different. To answer this ques- 
tion, besides knowing the combining weights, which may be obtained - 
directly from experiment, we must also know the relative weights of the 
atoms which make up the compound considered: this can be learned 
only by the aid of theoretical speculation, and even then not with 
absolute certainty, but only with more or less probability. From the 


_ principles of the atomic theory stated on p. 31, it follows that the 


atomic weights and the combining weights are related to each other 


in the simple ratios. of rational numbers; but the values of these 


numerical ratios remain undetermined. But, if one obtains the same 
results by very different methods, the probability is very great that 
theoretical considerations will lead to safe conclusions. The question 


‘of the relative weights of the atoms has been established with such 


_ certainty that its general correctness is at present no longer called in 


question ; it is therefore very instructive to study the different ways 
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which have finally led us, in spite of many errors, to the same desired 
result. 

If we wish to explain empirical facts by an hypothesis, as here, for 
instance, where we make use of the atomic hypothesis to throw light 
on the laws of definite and multiple proportions, it should be remem- 
bered that that method of explanation is to be chosen which is the 
simplest. This should only be given up when later discoveries force 
us to adopt more complicated conceptions. Dalton (1808)! proceeded 
in this way when he arranged the first’ table of atomic weights.? In 
the case of those compounds which consist of only two elements, it is 
simplest to assume that the same number of atoms of the two elements 
have united to form the compound, so that ¢g. carbon monoxide con- 
tains the same number of atoms of oxygen as of carbon, and that water 
contains the same number of atoms of oxygen as of hydrogen, ete. In 
this way Dalton tried to learn the relative atomic weights of the most 
important elements, and proceeding in the same way, to establish the 
number of atoms in compounds consisting of more than two elements, 
and thus to obtain a consistent system of the atomic weights. 

But this method was by no means free from arbitrary assumption ; 
for the same logic that regarded carbon monoxide as composed of an 
equal number of atoms of oxygen and carbon, would regard carbon 
dioxide as containing twice as many atoms of oxygen as of carbon; 
and, on the other hand, if Dalton had regarded carbon dioxide as 
containing the same number of atoms of carbon and oxygen, then 
carbonic oxide must contain twice as many atoms of carbon as of 
oxygen. Thus there was an opportunity for choice in selecting the 
atomic weight. That the choice in the preceding case was the right 
one was purely a matter of chance. We need to consult other experi- 
mental facts, and their meaning on the basis of a more extended 
development of the atomic hypothesis, in order to obtain a system of 
the atomic weights free from arbitrariness. 


For an historical judgment of the fruitfulness of atomistic conceptions it 
is of interest to note that Dalton did not invent the atomic theory as a sub- 
sequent explanation of the laws of constant and multiple proportions, as 
was formerly thought; on the contrary, he was led by considerations of 
molecular theory to the discovery of the fundamental laws of chemistry (see 
Roscoe and Harden, Dalton’s Atomic Theory). 


The Rule of Avogadro.—tThe necessary experimental facts were 
found in Gay-Lussac’s law, according to which the volumes of those gases 
which combine with each other stand in simple ratios to each other, 
and also to the volumes of the resulting compounds, if gaseous. The 
theoretical interpretation of this law, in the light of the atomic hypo- 
thesis, was given by the hypothesis of Avogadro (1811), according to 


1 Ostwald’s Klassiker, No. 8. Leipzig, 1889. 


2 The first table was arranged in 1804. See Thomson, History of Chemistry, vol. ii. 
p. 289.—Tr. ; 
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which all gases, whether simple or compound, contain the same number 
of molecules in the same unit of space (p. 39). After a method was 
found for determining the relative weight of the molecules by measur- 
ing the vapour densities, it was easily possible, by applying the prin- 
ciple of the simplest explanation, to obtain constant determinations of 
the atomic weights of all those elements which formed a sufficient 
_ number of volatile compounds. If the molecules of a compound are 
really produced by the union of a small number of the atoms of each 
particular element, then it may be safely assumed that among a large 
number of molecules, whose molecular weights can be determined from 
their vapour density, some molecules will occur containing only one 
atom of the element in question. Thus we arrive at the conclusion 
that the smallest relative quantity of an element which can enter into the mole- 
cule of a compound, corresponds to the atomic weight. But even if only a few 
compounds of an element are investigated, and it is found, for example, 
that the quantity of that element present in a mol of the first com- 
. pound is a, in the second 3a, in the third 4a, then there can be hardly 
‘any doubt that @ is the atomic weight of the element. In practice, as 
other tests are not wanting, a few vapour-pressure measurements suffice, 
_ and the atomic weight is taken as that weight which, multiplied by 
whole numbers, as small as possible, gives the amount present in each 
| molecule. To be sure in this way, strictly speaking, one can arrive 
only at the upper limit of the atomic weight; but with the investiga- 
tion of a large number of compounds, the probability that one is not 
dealing with a multiple of the atomic weight, but with the desired 
value itself, becomes very great. Thus it was found that a gram 
molecule of the numerous chlorine compounds contained either at least 
35°4 g. of chlorine, or an exact multiple of this, and similarly in the case 
of many other elements. 

After determining the relative atomic weights, the vapour density 
determination of an element shows the number of atoms contained in 
its molecule. The fact that the molecule was found to consist of one 
atom in the case of only a few elements, i.e. the atomic and mole- 
cular weights are identical with each other, could only give rise to 
passing doubts; the further development of the doctrine of valence 
soon showed that similar, as well as dissimilar, atoms can unite firmly 
with each other by means of chemical forces. 


The Law of Dulong and Petit.—Another empirical fact, the 
true theoretical significance of which is still unknown, is the relation 
between the atomic weight and the specific heat of an element in the 
solid state ; this was discovered by Dulong and Petit in 1818. The 
_ product of the atomic weight by the specific heat is called the atomic 
heat; by this is to be understood the amount of heat expressed in 
 g.-cal., which must be added to 1 gram atom of an element in order to 
' gaise its temperature 1°. The law may then be simply stated thus: 
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The atomic heat of elements in the solid state of aggregation is approximately 
constant, and amounts to about 6:4. 

This law is not strictly exact, for some of the elements having 
atomic weights smaller than 35, have atomic heats considerably 
removed from the mean. H. F. Weber in 1875 showed, in the case 
of the most marked exceptions, viz. boron (2°6), carbon (2 to 2°8, 
according to the modification), and silicon (about 4), that the atomic 
heats of these elements increase strongly with increasing temperature, 
and approach the values necessitated by the Dulong-Petit law.' 
Beryllium, which is also an exception (its atomic heat being 3°71), 
shows a fairly strong increase of the atomic heat with rising tempera- 
ture according to the measurements of Nilson and Pettersson (1880). 
The law finds its most exact application in the case of the metals, 
where it holds good even for those of low atomic weight, as lithium, 
magnesium,” etc. Thus it takes about the same amount of heat (6°6 
cal.) to raise the temperature of 1 g. atom of lithium (7°03), 1°, as to 
raise 1 g. atom of uranium (239), 1°. This clearly shows that we 
have here to do with a very remarkable regularity.’ 

Accordingly, by measuring the specific heat of a new element, we 
have a simple and a perfectly sure method for the determination of its 
atomic weight, provided that special attention is given to certain 
points: firstly, the specific heat must be measured at different 
temperatures in order to make sure that it does not vary too much 
with the temperature ; secondly, the determination must not be made 
too close to the melting-point ; and, finally, the atomic weight of the 
element in question must not be too small. 

Thus recently * an investigation of the specific heat of the element 
germanium, discovered by Winkler, gave the atomic heat of 5°6, which 
speaks in favour of the atomic weight 72°3, assumed for the element. 

It is very remarkable, and also of great assistance in determining 
the atomic weight, that the constancy of the atomic heat also holds good 
for compounds existing in the solid state. By means of the painstaking 
work of F. Neumann (1831), of Regnault (1840), and especially of 
Kopp,° who in his classic work on the specific heat of solid salts 
brought the subject practically to a conclusion, the existence of 
extensive and surprising regularities has been firmly established. 
According to these, the specific heat of solid substances is a pronounced 
additwe property (p. 101); the molecular heat of a solid compound (i.e. the 


1 Moisson and Gautier confirmed this result for boron (Ann. chim. phys. [7], 7. 
568, 1896). 

2 See specially Waterman, “Specific Heats of Metals,” Phys. Rev. 4, 161, 1896. 

3 For a very clear summary of this subject in English, see M. M. P. Muir, Prin. of 
Chem. 2nd edit. pp. 49-67, Cambridge (1889); Remsen, Theoret. Chem. 4th edit. pp. 
65-75 ; and Lothar Meyer, Mod. Theories of Chem., trans. by Bedson and Williams, 
pp. 63-95, London and New York (1888).—Tr. 

4 Nilson and Pettersson, Zeitschr. phys. Chem. 1. 34 (1878). 

> Ineb. Ann. Supplement, 3. 1 and 289 (1864). 
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product of the specific heat and the molecular eels). is equal to the sum of 
the atomic heats of the elements contained. 

The atomic heats have the following values: for C, 1°8; H, 2 
Pe pee t ies-64O, 4°03; P, 5°4; 8, 5°4; Ge, 5:5; and - 
the other elements approximately 6:4. 

Thus, for example, the specific heat of solid water, 7.c. ice, amounts 


_ to 0°474, and the molecular heat therefore is 18 x 0°474=8°5; while 


the molecular heat calculated from the figures given above for the 
formula H,0, is 
2x234+4=8°6. 


The specific heat of calcium carbonate, CaCO,, is 0°203, correspond- 
ing to a molecular heat of 20°4, while that calculated according to 
Kopp’s law is 

644+1°84+3x4=20°2 
Conversely, if the specific heat is calculated from this value by 
dividing by the molecular weight, 0°201 is obtained instead of 0-203 ; 
and similar coincidences are found in hundreds of other cases 
investigated, although small errors are sometimes found which exceed 
the errors of observation. 

Thus we find that the atomic heats of the elements, calculated from the 
specific heats of their compounds, coincide with the atomic heats of the elements 
in the free state, in so far as these can be studied in the solid state. It may 
therefore be concluded, with great certainty, that chlorine in the solid 
state has the specific heat 


and thus obeys the Dulong-Petit law. Thus, in general, it is pos- 
sible to calculate the atomic heats from the specific heats of solid com- 
pounds. 

Kopp’s law is of value in atomic weight determinations, because 
by it the atomic heat of elements can be deduced from the specific 
heat of their solid compounds. 


Tt will be useful to illustrate this point by an example. Analysis 


_ of corrosive sublimate shows it to contain 100 gr. mercury to 35 gr. (1 gr. 


atom) of chlorine. The specific heat according to Regnault is 0:069. — The 


- molecular heat according to possible formulae would be— 


Molecular Weight. Moleeular Heat Observations. Cale. 


HgCl =100+ 35 135 x 0°069= 9°3 12°8 
HgCl,=200+ 70 270 x 0°069=18°6 192 
HgCl,= 300+ 105 405 x 0°069 = 28 ‘0 25°6 


} 


Only the triatomic formula HgCl, gives a molecular heat (according to 
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Kopp’s law) in accordance with the facts: the atomic weight of mercury 
must therefore be 200. Such a calculation does not give any information as 
to molecular weight, for if the formulae were (HgCl,), both observed and 
calculated molecular heats would be » times as great, and the agreement 
would still hold. 


The specific heat of liquids is obviously of a more complicated 
character, at any rate no simple results have so far been arrived at. 
That of gases, which is sometimes of high importance in atomic 
weight determinations, will be dealt with in the next chapter. We 
will only remark here that the specific heat of monatomic gases is 3-0, 
i.e. about half that of solid atoms according to Dulong and Petit’s law. 


Influence of the Temperature on Atomic Heats.—It has 
already been mentioned that the atomic heats of certain elements 
(carbon, silicon, etc.) increase very greatly with the temperature. 
Recent measurements have extended this result, and have shown that 
temperature nearly always has a considerable influence on atomic 
heats. It has also been found that there is a very pronounced decrease 
in atomic heats at low temperatures; the following table contains 
a few mean atomic heats between - 188° (liquid air) and room 
temperature :— 


Avomic HEATS BETWEEN -188° aND +18. 


Element. Se Observer. | Element. Ao Observer. 
Aluminium Ah Tilden! Cobalt 49 Tilden 

4 4°8 Behn? Copper 5-1 Behn 
Antimony nee ae eG Behn Nickel bal Behn 
Lead 61 Behn Oxygen 2°8 N. and L. 
Bromine (PbBry) EysY) N. and L.? | Sulphur 4-1 Dewar # 
Chlorine (PbCI,) 4°9 |N. and L, | Selenium 52 Dewar 
Tron 4°8 Behn Zine 5:5 Behn 
Iodine 62 N. and L. | Hydrogen 15 N. and L. 


The numbers for oxygen and hydrogen are calculated by means of 
Kopp’s law from the molecular heats of kieselguhr, grape sugar, 
anthraquinone, and ice. 

Dewar (i.c.) has found that the atomic heat of carbon is extra- 
ordinarily small at very low temperatures :— 


18° to —78° -—78° to — 188° -188° to — 252°5° 


Diamond F is ; - , (0°95 0°23 0°052 
Graphite ; : : ae soil! 0-72 0°160 


1 Phil. Trans. 201. 37 (19038). ° 
2 Wied. Ann. 66. 237 (1898) ; Drudes Ann. 1. 257 (1900). , 
3 Nernst and Liwenstein (in progress). 
4 Proc. Roy. Soc. A, 76. 325 (1905). 
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On the other hand atomic heats rise considerably with the 
_ temperature : — 


Element. Temperature. | Atomic Heat. Observer. | 
| 
Lead 310 7°6 Stticker } 
Tron 500 9°8 Pionchon? 
St 525 1271 Stiicker 
Magnesium 525 oi Stiicker 
Nickel 1000 9°5 Pionchon | 


Under these circumstances the rule of Dulong and Petit seems to 
possess only an accidental character, and in any case all theoretical 
speculations on the number 6 for atomic heats must be at present dis- 
regarded (compare the following chapter, paragraph: ‘‘ Kinetic theory 
of the solid state ”). 


[During the past year a number of measurements of atomic heats at low 
temperatures have been made by Nernst and his collaborators. Two new 
forms of calorimeters have been introduced. The one consists of a block of 
copper, pierced longitudinally by a cavity which receives the warmed or 
cooled substance, and contained in a Dewar vessel to ensure heat isolation. 
The thermal conductivity of the block is great enough for the temperature 
to be the same all over, and the temperature is measured by means of a 
series of thermelements contained in small glass tubes, which are fixed into 
the copper block by means of Wood’s alloy. The Dewar vessel is placed in 
a constant temperature bath, gencually composed of ice or solid carbon 
dioxide. 

The substances to be examined are contained in a small silver vessel, 
which is warmed (or cooled) to the desired temperature, and then dropped 
through a glass tube into the calorimeter. The temperature of the block is 
generally altered 2 to 3 degrees, which corresponds to a deviation of 
forty to sixty divisions of the millivoltmeter. In this way the specific 
heats can be measured with ease and rapidity to within a few parts per 
thousand, 

The apparatus must of course be standardised by means of a substance 
whose specific heat is known. For this purpose, water is used at high 
temperatures, lead at low. 

The second instrument is specially designed to measure specific heats at 
one particular temperature, instead of the mean specific heat over a wide 
range of temperature. The principle is simple: the substance under 
examination itself serves as a calorimeter, and its temperature is raised a 
few degrees by passing a known quantity of electricity through a platinum 
wire embedded in it. The rise in temperature is estimated by measuring 


the resistance of the same platinum wire, before and after the heating. 


1) Wied. Beibl. 30. 151 (1906). 
2 Landolt-Bornstein tables (1905). 
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The substance must of course be placed in a vacuum, on the complete- 
ness of which the success of the experiment depends. With ordinary 
care an accuracy of 1 per cent can be easily attained. 

The specific heat measurements were originally carried out for the 
purpose of examining and developing the new theorem in thermodynamics 
(see Book IV.). They have, however, a peculiar interest of their own. 
Einstein (Ann. d. Phys. [4], 22. 184) has developed a very remarkable theory 
of the specific heats of crystallised bodies, and there can be no doubt that his 
theory is applicable to all solid bodies whose molecules cannot move freely, 
ae. can only oscillate about fixed points. He arrives at the following 


expression for atomic heats :— 
ay 
C2 30R se 


(Fo) 


where R is the gas constant, and a, the only unknown constant, can be 
determined under certain conditions by optical measurements. 

According to this formula, atomic heats are very small at very low 
temperatures, then increase rapidly at first, slowly afterwards, with rise of 
temperature, finally attaining a maximum given by 


C=3 R=6 (about) 


which is the constant of Dulong and Petit’s law. In the case of lead, the 
maximum is already reached at the temperature of liquid air; but for 
diamond it is not attained below 1000°. Quantitatively the formula only 
gives approximate results; Magnus and Lindemann have added the empirical 
term +bT3; and the formula so corrected gives results in close accord with 
experiment, as the following table for silver will show :— 


Atomic Heats or SInver 


G2, b=4°8 x 10-5 

aM c (Cale.) ¢ (Obs.) Observer. 
64 3°61 io) Nernst 
84 4°44 4:43 is 
86 4°50 4°40 i 
200 5°78 573 3 
208 5°81 5-92 6 
291-87 5°60 5°60 Behn 
291-194 5:92 5°87 eS 
373-288 6°13 6°08 Bartoli and Stracciate 
780-290 6°51 6°46 Magnus 
887-290 6°61 16°64 Ri 


For further details and experiments see Nernst, “Sur les chaleurs 
spécifiques aux basses températures,” Bulletin des séances de la Société francaise 
de Physique, from which the above short account has been mainly taken.—Tr. ] 
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Isomorphism.—The relation, discovered by Mitscherlich (1820), 
between atomic weight and isomorphism, affords another independent 
way of determining the atomic weight. Taken alone, it is indeed in- 
sufficient, but as an accessory itis of the greatest importance, and has 
repeatedly furnished practical results. 

The following points may be cited as the most important charac- 
teristics of isomorphism :— 

1. This term primarily denotes identity of crystal fon ‘m, which must 
show complete coincidence of the properties of symmetry, ‘and approxl- 
mate coincidence of geometrical constants. 

2. The property of forming mized crystals in any selected propor- 
tion, at least within certain limits. 

3. The property of mutual overgrowth, i.e. a crystal of one sub- 
stance (as a nucleus) increases in size in a solution of the other 
substance. 


Ostwald (Zeitschr. phys. Chem. 22. 330, 1897) has proposed as a test of 
isomorphism the ability of a crystal to remove supersaturation of a solution 
and so act as nucleus for its crystallisation. This noteworthy criterion 
seems to be a combination of 2 and 3; but it will not be further considered 
here, as experimental tests of it are wanting, and that is precisely what is 
needed for any application in the study of isomorphism—at present an 
entirely empirical region. 


There are a great number of analogous isomorphous compounds known 
where different elements are exchanged in proportion to their atomic weights, 
and thus far no clear example has been found where the exchange implies 
any inconsistency of the accepted atomic weights. 

On the other hand we can by no means conclude that if the 
substitution of one element by another alters the crystal form, the 
exchange has necessarily not taken place in the proportion of their 
atomic weights. 

The following table contains the isomorphous series of elements, 
according to Arzruni.2 The elements (or radicals) in a series can 
appear isomorphically in their analogous compounds, often in the 
ratio of their atomic weights (without change of crystalline form, and 
with little change in the geometric constants) ; the elements separated 
by a semicolon show isomorphism only in a few compounds. 
Regularly crystallising compounds are but little suited for showing 


_ isomorphism even when they have the same habitus. 


1 Tt should be noticed that the exchange of one element for another occurs not only 
in accordance with the ratio of their accepted atomie weights, but also the substituting 
element must assume the valence of the element substituted ; thus in the thallium alums, 
thallium has the valence of a monad, imitating the monad valence of K, Na, etc.; in 
short, it is a thallous, not a thallic compound.—TR. 

2 « Relations between Crystalline Form and Chemical Composition.” Braunschweig, 
1893. In vol. i. of Graham Otto, Lehrbuch d. Chemie. 
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ISOMORPHIC SERIES 
T.-H?) K, Rb, Os, NH, Tl; Naya; Ag. 


Example :— 
T1,SO, rhombic a 2b sc=0°6539 3h 057319 
(NEL)SSOp 15 ee 0°5643 : 1: 0°7310 
Rb, SO, a % 075723 : 1 : 0°7522 
K,SO, 5 % 0°5727 :1:0°7464 
Cs,SO,4 re 5 0°5805 : 1 : 0°7400 
KHSO, 5 ; = 0°5806 : 1: 0°7489 
NH,HSO, " cs 0°6126 : 1: 0°7436 
Ag SO, is 54 075713: 1 PL-2382 
Na,SO, 53 - 0°5914 : 1: 1°2492 


II. Be, Zn, Cd, Mg, Mn, Fe, Os, Ru, Ni, Pd, Co, Pt, Cu, Ca. 
Example: CoPtCl,. 6H,O, FePtCl,. 6H,O, ete. 
Lie CassreBa, eb: 
Example: CaCO, SrCO,, BaCO,, PbCOs. 
Ve as Cashin year, 
Example: Di,(SO,),.8H,O, ete. 
V. Al, Fe, Cr, Co, Mn, Ir, Rh, Ga, In, Ti. 
Example: Cr,03; Al,O3, Fe,O3, Ti,Os. 
VI. Gu, Hg, Ph, Ag, Au, 
VIL. Si, Ti, Ge, Zr, Sn, Pb, Th, Mo, Mn, U, Rojee eegeec 
Pt, Te. 
Example: K,PtCly, K,PdCl,. 
Wi IN OP Ve eA es bye: 
Example: As S5, Sb.S3, Bi,Ss. 
IX. Nb, Ta. 
X. 8, Se, Cr, Mn, Mo, Wo; Te(?), As, Sb. 
XI. F, Cl, Br, 1; Mn: CN. 
The elements B, Sc, C, O cannot be classified. 


Usually isomorphism appears the more readily the more complex 
the compound; obviously because, as Kopp (1863) remarked, the 
dissimilar influence of the element on the crystalline form is over- 
powered by the influence of the remaining components. Thus the 
usual potassium and sodium salts are not isomorphous, but such 
complicated compounds as the alums K,AI,(SO,),.24H,O and 
Na,Al,(SO,),. 24H,0 are. 

Mitscherlich discovered isomorphism from the four following 
salts erystallising in the tetragonal system, viz. H,KPO, H,KAsO,, 
H,(NH,)PO,, H,(NH,)AsO,, and also from corundum and hematite. 

Some of the best known series of isomorphous substances are the 
alums; CaCO, (as aragonite), BaCO,, SrCO;, and PbCO, (ortho- 
rhombic) ; BaSO,, SrSO,, PbSO, (in the same forms) ; MgSO,. 7H,0, 
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ZnSO,.7H,O, NiSO,.7H,O (orthorhombic hemihedral). An excellent 
elaacification has been hea by H. Topsoé.t 

It should also be noticed that elements and radicals may be 
mutually isomorphous, as for instance K and NH,. 

There is no doubt that isomorphism expresses a very remarkable 
law, but on further consideration, and especially on a careful examina- 
tion of the abundant observations * made in this department, certain 
Misgivings arise. 

The condition of ‘approximate coincidence” of geometrical con- 
stants at once brings up the question: Where shall we draw the line 
between identity and difference of crystal form? Or if, as this is not 
possible, the decisive criterion for legitimate isomorphism is taken to 
be the capacity for mixed crystals the same difficulty at once arises, 
for we have already seen that there are all conceivable gradations in 
the mutual miscibility of solid substances (p. 115). When we come 
finally to the third indication of isomorphism, namely the property of 
overgrowth, it has been observed that substances which do not possess 
the slightest chemical or crystallographic analogy, exhibit this 
property ; and therefore, on this ground, its value as a criterion of 
isomorphism has been criticised by Retgers.® 

It is extremely likely that no criterion will ever be found which 
will enable us to answer decisively in all cases whether isomorphism 
is present or not; we should therefore confine our attention to the 
investigation of the degree of isomorphism, since the discussion of such 
vague and idle questions as whether isomorphism is shown in any 
given case or not, is not a subject for deliberate investigation. The 
only question at issue is: What are the properties suitable for 
adoption as standard for the degree of isomorphism % 

Of all the properties of a crystal, its form is very important and 
very striking to the eye; but that is no reason for conceding to it 
a significance in precedence to the density, elasticity, optical con- 
stants, etc. That the first relations studied were those between 
erystal form and chemical composition, was obviously because this 
_ property obtruded itself upon the observer; their discovery was an 
_ undoubted acquisition, even though it could not always be retained as 
{ a rule without an exception; but to elevate that discovery to the 
|| grade of a guiding principle, would amount to voluntarily assuming 
_ the fetters of an historical accident. 

The analogy between two crystals is shown more clearly in their 
miscibility than in their crystal form, and thus the statement appears 
to be completely established, as Retgers so strongly emphasised in his 
i 1 Vidskrift f. Fysik og Chemi, 8. 5, 193, 321 (1869), and 9. 225 (1870); see also 


_ ‘the py pogianh on ‘‘Isomorphism,” by Arzruni, referred to above. 
, 2 Iti is especially recommended to read the pork of Retgers alr eady cited on p. 116. 
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. 
investigations, that though a more or less complete similarity of form 
is not without interest, yet the whole problem appears to centre about 
the question of miscibility. The various grades of miscibility, accord- 
ing to Retgers, may be represented as follows :— 

1. Miscibility in all degrees, a rather rare case. The physical 
properties—as well as the crystal form—vary gradually and evenly, 
in the series of mixtures, and are decidedly additive. 

2. Limited miscibility, without the formation of double salts ; the 
physical properties of the mixed crystals are emphatically additive, .e. 
they can be calculated from those of the two substances when pure. 

3. Limited miscibility, without double salt formation; the 
physical properties of the mixed crystals are additive here also, but 
in calculating the properties of the series of mixtures, it is necessary 
to ascribe properties to the end member on one side of a gap, which 
are different from those of the end member on the other side, and 
moreover properties different from those which actually oceur, ¢.9. 
another crystal form. Sometimes there is a labile (unstable) form for one 
end member which conducts itself in the free state as though tt were produced 
by internvature with the mixed crystal, the properties of which have been 
transported beyond the gap by eatrapolation ; the so-called iso-di-morphism or 
iso-poly-mor phism. 

4. Limited miscibility, with double salt formation, such that it 
indicates an important chemical contrast; the properties of the double 
salt are more or less different from those calculated from its end 
members. 

5. The last degree; no marked miscibility, either with or without 
double salt formation. 

Thus in the series of mixtures of ammonium and potassium 
sulphates, the specific volumes of the mixed crystals, which can be 
produced in every desired proportion, can be calculated quite 
accurately from the specific volumes of the end members, as was shown 
on p. 117; this pair of salts would be included under the first class 
just enumerated. The sulphates of iron and magnesium, which form 
an iso-di-morphous mixture, are doubtless to be referred to class 3. 

It is obvious that a sharp line can be drawn at least between 
classes 1 and 2; the question as to the existence of a gap in the 
series of mixtures can be decided definitely by experiment, provided 
we possess a solvent common for both of the crystals to be mixed. 
On this basis we might attempt to obtain miscibility in all pro- 
portions, as the decisive criterion of isomorphism. But this would 
amount to emphasising isomorphism as one particular phenomenon, 
and would be also unsuitable, because many crystals showing only a 
limited miscibility can, in all probability, be made miscible in all 
proportions by changing the temperature; just as many liquids, as 
water and phenol, which show limited miscibility at certain tempera- 
tures, at others dissolve each other in all proportions. 


/ 
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The study of mixtures is doubtléss to be preferred to the narrow 
study of the crystal form, as shown by many of the cases observed by 


_. Retgers. “Thus if we were shown a prism of KNO,, a rhombohedron 


of NaNO,, a tabular crystal of KCIO,, and a cube of NaClO,, the 
chemical composition of all four of these being unknown, no one would 
suppose that they were substances chemically analogous. but that this 
is the case is shown beyond a doubt by their crystallising together.” 

On the other hand, certain cases suggest caution, because the 
property of forming mixed crystals does not belong exclusively to 
substances which are chemically analogous; experience has shown 
that ammonium chloride has the peculiar property of uniting, to a 
certain extent, with substances which are entirely different chemically ;1 : 
solid benzene and iodine can crystallise together (p. 164), ete. 

In conclusion, let me define what I think to be the present state 
of the question of isomorphism :— 

The property of forming solid molecular mixtures is a very 
common property of solid substances ; but in general, in most cases, 
mixed crystals can be prepared only up to certain limits, which are 


the points of mutual saturation. Every solid substance may contain 


traces, at least, of another substance, and thus there is formed a solid 
solution (p. 161), even though very dilute. The concentration may 
be excessively small as ¢.g. when the solid substance is a metal and 
the dissolved substance is a non-metal, or vice versa, and though it 
may be much greater in the preceding case, which deals with the 
solution of a solid salt in a salt, yet it is usually small enough to 
escape notice. The degree of miscibility grows with imereasing chenical 
relationship, so that the property of forming mixed crystals, within 
broad limits or in all proportions, finally appears in the case of 
substances which are completely analogous chemically. But in the 
ease of complete miscibility, all the properties of the mixed crystal, 
including the crystal form, must be regular functions of the com- 
position, exactly as in the cases of liquids and gases; but since a 
gradual, regular coincidence of crystalline form is capable of being 
experimentally ‘realised, only when the two pure crystallising 
substances have an original similarity of form, it therefore follows, as 
a special case of the above more general rule, that the rule of 
Mitscherlich is true, viz. that chemically analogous substances usually 
have similar crystal forms. 

If the series of mixtures shows a gap, the crystal forms of the 
end members may be very different from each other, although the 
chemical analogy is very complete; but since each crystal on the 
one side of the gap is forced to adapt itself to the other crystal 
respectively, the very fact of a great extension of the series of mix- 


ture indicates that each crystal shows this tendency; as a matter of- 


1 Lehmann, Zeitschr. f. A 8. 488 (1883); Retgers, Zeitschr. phys. Chem. 


9. 385 (1892). 
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fact, it is often observed that one crystal, even when in a perfectly 
pure state, may assume a labile form of the other (iso-di-morphism or 
iso-poly-morphism). 

Isomorphism is therefore hidden, so to speak, behind the rule 
that miscibility varies directly with mcreasing chemical relationship; it is 
a rule moreover which, in the case of liquids, is expressed in the 
statement that closely related substances dissolve each other in all 
proportions, Now, other things being equal, since a solid mixture 
is formed with greater difficulty than a liquid one, and especially so 
since the crystal form here exerts a limiting influence, much greater 
demands are made upon chemical analogy in the case of solids than 
in the case of liquids. 


The Periodic System of the Elements.1—In addition to the 
facts already described, by means of which the tables of the atomic 
weights can be completed with a large degree of confidence, there now 
appears a strong support in the shape of the so-called “natural” or 
““neriodic” system of the elements; this unites certain relations 
between the atomic weights and the physical properties which have 
been long suspected, into a complete, well-rounded system, and 
broadens our knowledge in many respects. The fact alone that most 
of these regularities would disappear only by a radical change of the 
atomic weights, makes it appear that no attempts of that kind will be 
made within the immediate future. 

As early as 1829 Doebereiner called attention to the fact that 
there are certain triads of elements which show close analogies in their 
physical properties and certain regularities in their atomic weights. 
The following table shows series cf such similar triad groups, the 
atomic weights of which exhibit differences which are fairly constant :— 


Atomic Weights. Diff. 
Lithium A : 7°03 e 
Sodium . ' ‘ , 23°05 ie 
Potassium . ? 4 39°15 1671 
Calcium 3 é ; 40°10 é 
Strontium . , ae 87°6 ata 
Barium . : ; : 187°4 49°8 
Sulphur. 0 : ; 32°06 : 
Selenium : ; : 79°2 oe 
Tellurium . ‘ 5 127'6 48-4 
Chloride ; 6 ‘ 35°45 é 
Bromine : ; - | 79°96 ie 
Nédine’ 2.3) bev eee 126-97 46°01 


1 Tn the preparation of this section use was made of Lothar Meyer’s Grundziige der 
theoretischen Chemie. Leipzig, 1890. 
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‘Ge the other hand, “in the following table we find triad groups 
related elements ae only slightly different atomic weights :— 


irom = 2 % s ¢ ; 55°9 
Cobalt . s ‘ a J ; 59-0 
Nickel . P 4 P ‘ ; ‘58°7 
Ruthenium . é F > 2 101°7 
Rhodium ; : 2 103°0 
Palladium : P 3 ps 5 106°5 
4 Fé . 
ia Osmium C Bhai ie 2 - 191°6 
i Tridium : : ee 3 5 193°0 
ie = Platinum 5 : : 5 he 194°8 


Attempts were not wanting to advance farther along the line of 
_ these regularities. But the thorough generalisation and consequent 
| utilisation of this did not come till there appeared a simple classifica- 
| tion of the elements in the works of Mendelejeff and of Lothar Meyer 
(1869) ; these two by slightly different ways arrived at the same con- 
_ clusion, viz. that the properties of the chemical elements are periodic 
~ functions of their atomic weights ; this will appear in detail from the 
E fallowing arrangement :— _ 
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o ; WL = ey g 
0-80 6-90 T-F0Z 0-002 &-L6L 
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8.761 0-861 T6L awe IS 0-841. 
ey I] sO i Ms eL qh 
G: OFT 6-8EL G-LEL Ssl 86L 
ce) ey eq 1@) 3K 
LGL 9-161 G-0GL 0-611 Sit ¥-GLL 6-201 
I OL, qs ug ul 16) SV 
G.90T  0-€0L 4-101 0-96 6 9.06 0-68 9.18 G.48 8-18 
Pd Ud ny oW qn a) nN Ig ay I 
96-61, -62 G) G.GL, OL 7-49 9.9 
Ig ag SV an) eX) a7, ug 
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In column 0 are the new elements discovered in the atmosphere 
(the so-called “noble” gases) ; they were of course unknown to Meyer 
and Mendelejeff, and have only recently been introduced into the 
periodic system by Ramsay. We shall return to this column later ; 
for the present it will be left out of consideration. 

In each of the first two periods (horizontal rows) are seven 
elements, the respective members of which in the same column are 
very similar. In the four following rows we find some similarity of 
the elements in the same column ; but we find the greatest similarity 
by comparing alternate elements, ¢.g. K with Rb, Cu with Ag, Zn 
with Cd, Br with I, etc. The seventh and eighth rows are very 
incomplete ; but perhaps elements as yet not much investigated 
wilt be found to follow in after Ce. The elements of the ninth row, 
as far as known, accord well with the corresponding members of the 
sixth. 

The elements in the eighth column, including the iron and plati- 
num groups, occupy an exceptional position: the atomic weights of 
each group of three stand nearer together than most of the elements in 
the horizontal rows, and a similar statement may be made of their 
properties. The three triad groups together play the part each 
of an element, but at the same time of elements which do not fit 
well into the preceding scheme. This arrangement shows very clearly, 
as Mendelejeff emphasised, the relation between their respective 
chemical values, as compared with oxygen, and their atomic weights, 
as the following table of the oxides instead of the elements still further 
illustrates :-— 


I. 10g Ill. 10% Via Waly WEES SVE: 


Li,O Be,O, | B,O, C,0,4 N,O; 
Wa,0 | Mig,0,| Al,O; | Si,0, | P.O; $,0, C1,0, 
K,O @a,0> | Se,0, | 11,0, | V,0; Cr,O, | MnO, 
@u,0 | Zm;0, | Ga,O, | GeO, | As.O; | Se20g Br,O7 
KibsOw he S05 | Y.0; Zr,0, | Nb.O; | Mo,0, des Ru, Og, 
AgoO | Cd,0, | In,0, Sn,0, | SbeO; | Te,O, | 1,0, 

Cs,0 Ba,O, | La,sO, | Ceo, | Ta,0; | W,0, ..- | Os,05 
Ano) Hg,0, |). TI50, | Pb Os, | BizO; | Up, 


But in spite of this regularity we must take warning not to follow 
it blindly ; for, as is well known, many elements form other oxides than 
will fit into the preceding table, and also some elements, which do not 
fit into this table, are omitted. 


The elements discovered by Ramsay—helium, argon, etc.—are completely 


- neutral in chemical behaviour; Ramsay therefore arranges them in a new 


column, as having the valéncy zero. The atomic weights (only approximately 
known) harmonise with this view, as may be seen from the table, p. 180; 
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actually these elements form a transition between the strongly positive and 
strongly negative univalent elements, being themselves neutral on account of 
their chemical indifference ; the following table given by Ramsay illustrates 
these points :— } 


H He Li Be 
ab 4 ff 9 
F Ne Na Mg 
19 20 23 24 
Cl A K Ca 
Bd 40 39 40 
Br Kr Rb Sr 
80 82 85 88 
I x Cs Ba 
127 128 133 137 


Remembering that hydrogen according to its physical properties is 
throughout of a metalloid character, and also in many compounds, such as 
the hydrocarbons, stands much nearer chemically to the halogens than to 
the univalent metals, its position at the head of the univalent metalloids is 
not without reason. A certain number, at any rate, of the elements are 
satisfactorily arranged, then, in the above order (see Ramsay, Ber. deutsch. 
chem. Ges. 13, 311 (1898), and Modern Chemistry, London, 1900, p. 50). 

Staigmiiller’s (7 phys. Chem. 39. 248, 1902) similar arrangement of 
the elements is given-on p. 184; the noble gases are introduced in it in the 
same way as in Ramsay’s. Various difficulties of the old arrangement are 
thus avoided; the elements in the last vertical column occur naturally ; 
the metalloids are separated from the metals by the heavy line; moreover, 
C, B, Si, may very well be looked upon as metals, and in this way the 
grouping gains in simplicity of outline. By a slight rearrangement, already 
made in this table, the analogy is clearly brought out between the three 
triads, Fe, Ru, Os ; Co, Rh, Ir; Ni, Pd, Pt (see the remarkable observations 
of H. Biltz, Ber. chem. Ges. 35. 562, 1902). 

In a similar way A. Werner (Ber. chem. Ges. 38. 914, 1905) arranges the 
elements in a series of pairs of periods, containing a constantly increasing 
number of elements (see table, p. 185). The first period, which should contain 
three elements, is unknown; the second contains the three elements H; an 
unknown element, the prototype of the metalloids, which should stand over 
F, Cl, ete.; and He. The next two periods, of eight elements each, begin 
with Li and Na respectively, and include the elements up to Ne and A; 
between Li and Be, Na and Mg, is a large free space. The fifth and sixth 
periods contain 18 members: there is a gap under Mn. The last two periods 
contain may gaps; in the last but one there are only 24 of the 33 elements 
known (see table), The last period contains only Ra, Laa, Th, U, Ac, Pha, 
Bia, Tea, ae. radio-active and mostly hypothetical elements. The mean 
increase of atomic weight between two neighbouring elements rises with the 
atomic weight. In the Li period it is 1-85, in the Na period 2-4, in the K 
period 247, in the Rb period 2°5; if it is still smaller in the H period, say 
15, an element must be missing. If it is 2:56 for the last period, it follows 

. that the period should contain 33 elements. Every pair of periods has more 
elements by a multiple of five than the preceding pair. The properties of 


wii 
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the elements yet to be discovered must be between those of the elements 
between which they are respectively placed. 

It should be mentioned that Newlands, as far back as 1864, attempted 
to arrange the elements systematically according to their atomic weights ; 
for further history of the periodic system see K. Seubert, Z. anorg. Chem. 
9. 334 (1895). On the didactic value of the periodic system, see Lothar 
Meyer (Ber. deutsch. chem. Ges, 26. 1230, 1893). 


Regularities of the Atomic Weight Numbers.—It is very 
remarkable that the atomic weights of a number of elements, especially 
those of low atomic weight, approximate closely to whole numbers; a 
hypothesis put forward on the strength of this by Prout (1815), that 
they are exact multiples of the atomic weight of hydrogen, is certainly 
false; but the fact remains that many elements nearly satisfy the 
hypothesis in a way that cannot possibly be accidental. 


Rydberg (1886) undertook to follow out these unmistakable regularities, 
and in a recent very thorough study (Z anorg. Chem. 14, 66, 1897) has 
brought to light a whole series of striking rules that will doubtless be of 
meaning in the future development of the periodic system. The atomic 
weights P can be put in the form P-=N-+D, where N is a whole number 
and D is a quantity always small compared with N and for the elements of 
low atomic weight, small compared with unity. If M be a whole number— 
Rydberg calls it the ordinal number of the element—elements of odd M 
have odd valency and odd values of N=2M+1; elements of even M have 
even valency and even values of N=2M. The values of D, which can be 
pretty accurately determined in view of the above rules, form a pronounced 
| periodic function of the atomic weight. From this follows the suggestion 
| that in studies on the periodic system either N or perhaps better M should 

be taken as the independent variable instead of the atomic weight. Adopting 
| this principle the difficulty disappears that is due to the newly determined 
| atomic weight of tellurium (127°6 instead of 125). According to the views 
hitherto adopted, tellurium (127-6) would come after iodine—in a quite 
hopeless position ; according to Rydberg, it should stay in its natural place 
with M=60, N=120, D=7°6, the last value being more satisfactory than 
D=5, as compared with the values of D for neighbouring elements. Where 
| the curve showing the relation of any property E to M passes through a 
| maximum or minimum, the value of E of course varies little with M, and 
t as such maxima and minima occur in about the same place for the most 
| _-varied properties, elements arise with little difference in character (“twin 
| elements,” according to R. Lorenz, who has worked out a number of rules 
| for these, Zeitschr. anorg. Ohem. 12. 329; 14. 103, 1897). 

For further observations on regularity i in atomic weights see Jul. Thomsen 
(Bull. Acad. Danemark, Dec. 14, 1894), and M. Topler (Ges. Isis Dresden, 
RS Abh. 4). 


' 


ie 


Physical Properties of the Elements.—Some physical pro- 
 perties also stand in more or less definite relation to the atomic 
ae A superficial consideration shows at once that the metallic 
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elements (except the last series) are collected in the outer vertical 
columns only, while the metalloids are in the middle. The atomic 
volume, i.¢. volume of 1 gram-atom of the element in the solid state, 
also comes clearly in its relation to atomic weight, as appears from 
Fig. 17 (L. Meyer, 1870). 


Melting-points behave in the same way, as may be seen in the 


following table. 


Melting-point of Elements on the Absolute Scale (from 


— 273°)—(n.g. not melted, s.. very high, s.z. very low, “ib. over, 


U. 


under, h.a. higher than, 7.a. lower than, 7. red, f. colourless). 


MELTING-POINTS OF THE ELEMENTS IN ABSOLUTE TEMPERATURE 
(i.e. FROM — 273°). 


0. i 16 DUT IV. Vie | NL. | VII. VIII. 
H 
14 | | 
| | 
He iy SBetea eB CORil BN ea O F 
na. 6) 459 | na. Ag | ng. |. pakhees 62°5 28 50 
Ne | Na Mg | Al Si Ye S) Cl 
Soak. O71 924 930 | 1703 r, 903 | 388 171 
| f, 817 | 
A K Ca Se Ti V5 Cr Mn Fe Co Ni 
85 336 1043 | 2 | tib. 2570) 1953 1788 1520'| JSP T Ae Leys 
Cu Zn. Ga Ge As at | Se Br 
1357 692 303 | 1200? | red heat 490 266 
Kr Rb Sr ¥. Zr Nb Mo ine Ru Rh Pd 
104 | 312 | ha. Ca 2 | hea. St 2223 Deis h.a. 2220 h.a. Pt. 1850 
Ag Cd In Sn Sb Te I 
1934 595 428 505 904 723 386 
Xe Cs Ba La Ce | 
133 | 300 1123 1083 896 
Ta Ww Me ee 
2573 h.a. 3070 2770 2470 2018 
Au Hg Tl Pb Bi 
1837 234 575 600 541 
Th hi U 
2 ; s.h. 


If the atomic weights are taken as abscisse and melting-points as 


ordinates of a curve, the regularity comes out more clearly ; the curve 
is wave-shaped, with maxima in the fourth or fifth columns. The curve 


hol 
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of atomic volumes in Fig. 17 has a similar course, and comparison 
of the two shows that all the gaseous and easily fusible (liquid below red 
heat) are on the rising branches and maximal points of the volume curve ; 
| while the elements that are melted with difficulty, or are not fusible at all 
with the means now available, are on the descending branches and at the 
minima. Comparing the elements in each vertical series, 7.¢. each 
natural family, the melting-point is usually found to rise with increasing 
atomic weight ; but the alkalis Li, Na, K, Rb, the group Zn, Cd, He, 
and probably the alkaline earths, Be, Mg, Ca, Sr, behave in the 
opposite manner. 

The compressibility of solid elements is also a pronounced periodic 
function of the atomic weight, as T. W. Richards! has shown in a 
detailed investigation ; in general the compressibility is greater, the 
| greater the atomic volume, so that the curve of compressibilities 
(/.c. p. 197) is very similar to Fig. 17. 


Borchers has recently shown (Aquivalent- Volwm- und Atomgewicht, Knapp, 
-Halle a. §., 1905) that some regularities become more distinct when the 
volume of a gram equivalent is substituted for atomic volume. 

Of other physical properties that have a more or less marked periodic 
character, we may note crystalline form (see the Isomorphous Series, p. 174), 
| which has clear relations to the vertical columns of the periodic system (see 
| also G. Linck, Zettschr. phys. Chem. 19. 193 (1896), Ortloff, ibid. 201), ex- 
| tensibility, thermal expansion, conductivity for heat and electricity, heat of 
formation of oxides and chlorides, magnetic and diamagnetic properties, 
refraction equivalents (see, on these properties, Lothar Meyer, Modern Theories 
of Chemistry, 1883, p. 144 ff.), “ Hardness of the Free Elements” (Rydberg, 
| Zeitschr. phys. Chem. 33. 353, 1900), “Change of Volume on Fusion ” 
| (M. Topler, Wied. Ann. 53, 343, 1894), “Viscosity of Salts in Aqueous 
| Solution” (Jul. Wagner, Zeitschr. phys. Chem. 5. 49, 1890), ‘‘ Colour of Ions”’ 
| (Carey Lea, Sill. Am. Journ. [3], 49. 357, 1895), « Ionic Mobility ” (Bredig, 
| Zeitschr. phys. Chem. 13. 289, 1894), etc. The relations between emission of 
| light and atomic weight are dealt with in the last section of this chapter. 
| Attempts to find quantitative relations in this region have so far proved 
almost without result. It is, however, possible that so far properties have 
| always been compared under arbitrary conditions of temperature and pressure, 
and that exact laws are not to be expected thus ; if, too, the elements have 
| much more power of existing in several modifications than we know at 
present, this would introduce another factor of arbitrariness, as the comparison 
_is made between the modifications that happen to be known to us. ‘Thus 
we find the most marked regularity in the solid state, which offers the safest 
basis of comparison, as the density of solids varies but little with temperature, 
‘pressure, or even with change of molecular condition. 


Isomorphism of the Elements.—The crystal forms of most 
_ elements are unknown, because they are difficult to obtain as well- 
, defined crystals. On the other hand, the question whether two 
Ne ‘ 


1 Zeitschr. phys. Ohem. 61. 183 (1908). 
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particular metals form mixed crystals with each other, i.e. are 


| isomorphous (p. 173), can usually be settled with certainty. (For the 


methods employed, see Book IV. Chapter II. paragraph ‘“ Thermal 


| Analysis.”) 


Tammann! has collected and discussed our knowledge of this 
phenomenon. It appears that, in general, elements of a natural group 


| of the periodic system, and also such elements which are not far 
| removed from each other in Staigmiiller’s arrangement (p. 184), can 
| often form’ continuous series of mixed crystals with each other. At 
) the same time, elements far removed from each other can sometimes 


form mixed crystals, especially when they are chemically similar, and 
have high melting-points. 
Tammann puts forward the suggestion that elements, which form 


| mixed crystals, could be built up in a similar way ; in this connection 
| it is significant that such elements show similar spectra (see below). 


Significance of the Periodic System in the Table of Atomic 


'. Weights.—At first the establishment of the periodic system was 
regarded as a discovery of the highest importance, and far-reaching 
| conclusions as to the unity of matter were expected from it; more 
‘recently a disparaging view has been taken of these noticeable, but 
| unfruitful, regularities. One now often finds them underrated, which 
| is intelligible enough, since this region, which especially needs scientific 
| tact for its development, has become the playground of dilettante 


speculations, and has fallen into much discredit. It is all the more 


satisfactory that an intelligent and thorough investigation of this 


subject of fundamental importance in theoretical chemistry has begun 
anew. 
The periodic system is of especial importance in settling atomic 


| weights. Although the rules so far known do not possess—any of 


them—completely convincing validity, between them they give a 


| striking proof that the choice of atomic weights underlying them is a 
| happy one, and constitute a valuable indication in studying new or 
| little known elements. It is usually possible to find the place of a 


new element in the periodic system by the analogies it shows to better 


_ known ones. Thus it was long doubtful whether beryllium had 
| atomic weight 9:08=2x 4:54 or 13°62=3.%x 4:54; but only the 
- former value fitted without strain into the periodic system, and since 
_ Nilson and Pettersson measured the vapour pressure of beryllium 
| chloride and showed it to have, most probably, the formula BeCl,, 
| the lower atomic wetght has been considered alone admissible. On 


the other hand, obvious gaps in the system lead to searches after new 


elements; scandium, gallium, and germanium, discovered since the 
_ establishment of the periodic system, have fitted inin this way. In such 
eases the chemical behaviour and some of the physical properties of 


. Zeitschr. anorg. Chem. 58. 446 (1907). 
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still unknown elements can be predicted—Mendelejeff did so for the 
metals just mentioned ; this must be regarded as a second practical 


consequence of knowing the relations between the atomic weights of — 


the elements and their properties. - The periodic system, as may be 
seen from this, is of the greatest service to chemists as a mnemonic 
help in dealing with the huge mass of data in their science. 

Besides the reasons mentioned above, there are other grounds for 
accepting the usual atomic weights as correct. ‘The numerous recent 
measurements of molecular weight in solution have never led to con- 
tradiction with those values; again dissociation has been shown to 
occur in many of the polyatomic gases, but never in those regarded as 
monatomic by the usual molecular theory. 


The Spectra of the Elements.—At the end of this chapter we 
are forced to the question, in what way may we hope best to obtain a 
deeper insight into the nature and more intimate behaviour of these 
atoms, the relative magnitude of which we have already learned to 
determine by a number of distinct and safe methods. As far as we 
can judge at present, of all the physical properties, the consideration 
of the spectra of the elements offers altogether the best way to attack 
this problem. 

An attempt to consider the phenomena of spectrum analysis, with 
even partial thoroughness, is of course beyond the limits of our task, 
which is to consider only those investigations which have served as a 
broader standpoint for the theoretical treatment of chemistry. But 
although spectrum analysis has been a great practical help in chemistry, 
and especially by its aid in the discovery of new elements, yet the hopes 
entertained of a theoretical explanation remain thus far unfulfilled. 
For this reason this section will give only a short summary concerning 
the emission spectra of the elements. Concerning the absorption 
spectra of organic compounds, another important class of spectrum 
phenomena, some reference will be made in a later chapter. 


} 


Irrespective of the so-called phenomena of “ luminescence,” by which, — 


after a proposal made by E. Wiedemann,! there is understood the 
property of certain substances of becoming luminous at low tempera- 
twres, from external conditions, as illumination (photo-luminescence), 
electric discharge (electro-luminescence of gases), chemical processes 
(chemico-luminescence), crystallisation (crystallo-luminescence), gentle 
heating (thermo-luminescence), etc.; the normal development of 
light, i.¢. light produced by the heat movement of molecules, and which 
we will consider exclusively in this section, is due to the high tempera- 
ture of the substance emitting the light. According to Draper’s law,? 
all solid and liquid substances radiate light of shorter wave-lengths 


1 Wied. Ann. 34. 449 (1888). 
2 See the article by Pringsheim, Zettschr. f. wissenschaftl. Photographic, 1. 391 


(1903). 
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with increasing temperature, and at about 525° they all begin to glow 
with a dark red light, then become bright red, and finally “ white 
hot.” If one observes this gradual increase in glow with a spectroscope, 
_ there appears at first the red end of the spectrum, which gradually 
stretches over to the violet end with increasing temperature. Thus 
all solid and liquid substances give continuous spectra ; but the erbium 
and didymium earths give continuous spectra crossed by certain bright 
lines. 

The glowing gases conduct themselves in a different, but a character- 
istic, way. These give out only, or at least mostly, rays of a definite 
wave-length ; and therefore they give spectra, which consist of single 
bright bands sharply separated. According to the number and breadth 
of these bright bands, they are called band-spectra or simple line-spectra. 
| Emission spectrum analysis, the introduction of which into science was 
| the immortal work of Bunsen and Kirchhoff, and whose first-fruit was 

the discovery of several new elements, is based on this fact, viz. that 
under certain conditions of temperature and pressure every gas gives 
.. a definite, and, to a large degree, a characteristic spectrum. Therefore, 
in order to examine a substance by spectrum analysis,! it is necessary 
to bring it into the state of a glowing gas. For easily volatile sub- 
stances, such as the salts of the alkalies, the flame of a Bunsen burner 
is sufficient; for substances volatile with great difficulty, one uses, 
according to the circumstances, the oxy-hydrogen blow-pipe, the electric 
spark, or the electric are. As is well known, the production of mono- 
chromatic light, which is necessary for so many optical investigations, 
depends upon the selected rays emitted by incandescent gases. It 
' should, however, also be pointed out that gases under high pressures 
can give continuous spectra. Thus, according to Frankland (1868), 
_ hydrogen, ¢g. when burnt in oxygen under a pressure of twenty 
| atmospheres, gives a continuous spectrum. 
It cannot be doubted that each molecular species, whether represent- 
ing isolated atoms or chemical compounds, has its own characteristic 
spectrum ; but the question as to which particular molecular species 
corresponds to an observed spectrum, can be very rarely answered 
| with certainty. The difficulties which are met are mainly due to the 
| determination of the molecular condition of an incandescent gas ; 
this is usually very much complicated at high temperatures where 
| the capacity of the substance for reaction is apparently very much 
| increased, and certainly is totally changed, and doubtless the spectrum 
I observed where a compound or even an element is volatilised, consists 
| of the superimposed spectra belonging to different molecular species. The 


| dissociation phenomena, which, from all that is known, occur more 
Iw : 


fl 1 For spectral analysis, see especially the review by Kayser in Winkelmann’s 
ee Handbuch der Physik, Breslau, 1894, vol. ii. pp. 390-450. Of later work may be 
mentioned the extensive collection of references by Landauer, Spektralanalyse, 
. Braunschweig, 1896. ; 
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often at high temperatures than under ordinary conditions, play an — 


especially important réle! It is certain in many cases that the 
volatilised substance, by reaction with the gases of the flame or with 
atmospheric air, forms new molecular species, and although only very 
slight quantities of these may be present, yet such is the great 
sensitiveness of the spectroscope, that these may be sufficient to 


produce clearly recognisable lines. We have good reason for assum- — 


ing that single atoms give line spectra, and atomic complexes give band . 


spectra. 


Regularities in the Distribution of the Spectral Lines of 


the Elements.—Inasmuch as there is scarcely any reason to doubt — 


that there is the most intimate dependence of emission spectra upon 
the configuration and state of vibration of the molecule and atom of a 
luminous substance, it requires only a glance at the laws (by which, 
on the one hand, the lines of the same substance arrange themselves 
in the spectrum, and by which, on the other hand, the arrangement 
varies with the substance), to hope that very soon, perhaps, we shall 
have further disclosures concerning the behaviour and the condition 
of movement of the atom. Although at present we are far removed 
from a thorough knowledge of the laws concerning the subject, yet 
already a beginning has been made which is worthy of attention, and 
which spurs us on to a continued search for the goal. 

The most important result thus far obtained is in the calculation 
of the lines of the first hydrogen spectrum so-called, which is obtained 
by a Geissler’s tube, for example, in which the pressure must not be 
too small. The peculiarly simple structure of this spectrum gives 
hydrogen a place apart from all the other elements; this is also 
clearly borne out by its position in the periodic system. As Balmer ? 
discovered, the wave-length A of each line can be calculated very 
accurately from the simple formula 

2 
ATS AC 4 Am =), cor! Ne 5 . = 


in which A~1 denotes the vibration number ; the successive numbers 
3, 4, 5, etc, are to be substituted for m. By substituting in this 


formula the value 3647°20 of the constant for the calculated 


i 
A’ 
values corresponding to m, the following wave-lengths are obtained :— 


1 For example, water vapour above 3000° contains H,O, Hy Oy, H209, Os, and probably 
also H and O in perceptible quantity. See Book IV. Chapters III. IV. V. 
2 Wied. Ann. 25. 18 (1885). 
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_ Line. m Calculated. | Observed. | Difference. 
Ha 3 6564°96 6564°97 0°0 
Hg 4 4862°93 | 4862°93 0°0 
Hy 5 4341°90 4342-00 +0°1 
H6 6 4103-10 4103°11 0-0 
He 7 3971740 3971°40 0°0 
H¢ 8 3890°30 3890°30 0-0 
Hy 9 3836°70 3836°80 +0°1 
He 10 3799°20 3799-20 0°0 
He ala 3771-90 3771°90 0-0 | 
Hr 12 3751-40 3751°30 —0'1 
HA 13 3735°60 3735°30 —0°3 
Hy 14 3723°20 37 22°80 —0°4 
Hy 15 3/13°20 3712-90 —0°3 


The wave-lengths in the “observed” column are taken from the 
- latest measurements by Ames,! and are expressed in ten-millionths of 
a millimetre ; the correspondence between the wave-lengths observed 
and those calculated from Balmer’s formula is very remarkable. 

The preceding formula does not apply at all to the so-called 
second hydrogen spectrum. 'This consists of very numerous fine lines and 
appears to correspond to a lower temperature ; it is suspected that 
the two spectra belong to two different molecular conditions of 
hydrogen. It is possible that the discovery of further regular cases 
of this sort may be rendered difficult from the fact that the pro- 
duction of the spectra of other elements is due to the superimposition 
of spectra belonging to several different molecular conditions, and that 
their separation does not take place automatically, as in the case of 
_ hydrogen, where we obtain the first spectrum by itself. 

Concerning the relutions which should exist between the spectra of 
allied elements, it has been shown by Lecoq de Boisbaudran that the 
spectra of the alkali metals are displaced towards the red end of 
the spectrum with increasing atomic weight. Recently Kayser and 
Runge? volatilised a number of metals by means of the electric are, 
and photographed their spectra by means of a Rowland concave 
grating ; the wave-lengths of the lines were exactly determined to 
within a hundred-millionth of a millimetre. They showed that the 

_ lines may be fairly well calculated by means of the formula 
y Aj >= A— Bm-2— Cm-* ; 
this formula is a generalisation of Balmer’s formula; yet although it 


1 Phil. Mag. [5], 80. (1890) ; see also Cornu, Jowrn. de phys. [2], 5. 341. 

2 Wied. Ann. 41. 302 (1890), 43, 885 (1891), more completely in Abh. d. Berl. Akad., 
1890, 1891, 1892; collection of results on p. 200 of the section of Winkelmann’s hand. 
book quoted above. Rydberg put forward similar views independently of Kayser and 
Runge. See Svenska Akad. Hundl. 28. (1889-1891) ; Wied. Ann. 50. 629 (1898) ; 


| Astrophysical Journal, 6. 238 (1897). 
O 
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has two more constants than the other, the observations of the metals 
are not attended with the same degree of success as was the case with 
hydrogen. Moreover, it is not possible to obtain the spectrum of a 
metal by one formula like this; but it must be resolved into a number 
of series in order to calculate the values of the constants A, B, C. 

Now it happens that for the elements of Mendelejeff’s first group, 
the series (of which each element has several) consists not of lines, 
but of pairs of lines. Kayser and Runge distinguish the following 
series :— 

1. The Principal Series: their pairs are the strongest lines of the 
spectrum, and are easily reversible, i.e. they appear dark when the 
vapour has a sufficient density. 

2. The First Subordinate Series: strong but very hazy pairs of 
lines; they have a constant vibration difference. 

' 3. The Second Subordinate Series : weaker pairs of lines, but better 
defined, with a constant vibration difference, as in 2. 

The first pair of the principal series has also this same vibration 
difference: this difference is the most important spectroscopic constant 
of the element in question, and, as will appear in a moment, it seems 
to stand in a definite relation to the respective atomic weight. The 
principal series appears to be found only in the case of the alkali 
metals ; the spectra of all other metals seem to consist only of second- 
ary series; no series are found in the spectrum of barium; the 
spectrum of lithium seems to consist of only simple lines. 

The elements that belong to the same vertical column of the 
periodic system show an obvious similarity in the construction of 
their spectra. This is established at any rate for the first two groups 
and a part of the third ; in the others it is as yet little known. These 
three groups can each be-divided into two parts that show special 
chemical analogy ; thus we have I. Li, Na, K, Rb, Cs; II. Cu, Ag; 
Ill. Mg, Ca, Sr; IV. Zn, Cd, Hg; V. Al, In, Tl. The Srelations 
inside each of these groups are particularly close, as may be seen from 
the following table. Within each group the spectrum is displaced 
towards the red by increase in atomic weight ; but in passing from 
one group to the next, strongly towards the blue. The rules that 
hold are best seen from the numbers in the accompanying table, 
which give the constants A, B, C (multiplied by 108) for the first 
line of each pair or triplet in the subsidiary series :— 
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Allied Series. Allied Series. 
Vv 
y e 
A. B. C. A. B. C, 

Li 28,587 | 109,625 1,847 | 28,667 | 122,391 | 231,700 78 ee 
Na 24,475 110,065 4,148 || 24,549 120, 726 | | 197,891 17 825 
Ks 21,991 114,450 111,146 || 22,021 119, 363 | 62,506 57 381 
Rb 20,939 | 121,193 134,616 || hoe | nae 234 322 
Cs 19,743 122,869 305,824 || oer an ee 545 309 


31,592 | 124,809 | 440,582 | 249 622 
30,696 | 123,788 | 394,303 | 921 794 


Cu | 31,592 | 131,150 | 1,085,060 
Ag | 30,712 | 130,621 | 1,093,828 


Mg | 89,796 | 130,398 | 1,482,090 
Ca | 33,919 | 123,547 | 961,696 
Sr | 31,031 | 122,328 | 837,473 | 


39,887 | 125,471|518,781| 41 | 718 
34,041 | 120,398 | 346,067| 102/ 638 
Wee h 4 394 | 517 


Zn | 42,945 | 181,641 | 1,236,125 | 42,955 | 126,919 | 532,850| 386 918 
Cd | 40,755 | 128,635 | 1,289,619 | 40,797 | 126,146 | 555,137 | 1159 | 929 


| 
| 
| 
Hg | 40,159 | 127,484 | 1,252,695 || 40,218 | 126,361 | 613,268 | 4633 | 1161 
| 
. 


Al | 48,308 | 156,662 | 2,505,331 || 48,245 | 127,527 | 687,819| 112 | 1534 
In | 44,515 | 139,308 | 1,311,032 | 
Tl | 41,542 | 132,293 | 1,265,223 | 


44,535 | 126,766 | 643,584 | 2213 | 1721 
41,506 | 122,617 | 790,683 | 7795 | 1879 


These numbers show that A falls off with increase of atomic 
weight within each series—A being the frequency for m= or 
| limiting frequency ; each series, therefore, 1s pushed towards the red end 
by increasing atomic weight. 

B and ‘C are nearly the same for the lines of a pair or triplet 
belonging to the same series. The B values vary but little—especially 
those of the second series. 

The constant difference between pairs (or the first two lines of 
triplets) in both series is given under the heading v ; in the last column 
this quantity is divided by the square of the atomic weight a. Within 
each of the five groups this quotient is roughly constant, i.e. the 
width of the pairs and triplets, measured in frequency of vibration, 
is approximately proportional to the square of the atomic weight 
within each group. 

Series of subsidiary character have also been found in the spectra 
| of oxygen and sulphur. ‘The lines of the series are triplets. 
ie There are likewise found in the band spectra of the metalloids 
_ certain regularities which are partially related to the preceding, 
Thus Deslandres' found that the distribution of the bands can be 
a expressed by the formula 
A-1=A+Bm?; 


when again “m” denotes the vibration number, and A and B 


1 1 OR. 104, 972 (1887) ; 106. 842 (1888); 110. 748 (1890); 112. 661 
Hy (1891) ; Ann. chim. phys. [6], 14. 5 (1888); Journ. de phys. [2], 10. 276 (1890). 
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constants which are characteristic for the respective series of the 
element in question, A denotes the wave-length of some characteristic 
line of the band which serves as its representative ; thus the distribu- 
tion of lines within any one band is given by the formula 


A= a+ bin? 


> 


where again “a” and “b” are constants. By making m=0, we 
obtain the fundamental vibration of the band, 7.¢. the line which, as 
stated above, was chosen by Deslandres to represent the band. This 
last rule requires that each of the bands belonging to the same series 
of an element shall show a manifest similarity as regards the number 
of their maxima and minima of brightness, and also as to their 
relative distances and arrangement; while the former rule requires 
just what was found to appear in the case of the line-spectra of the 
metals.+ 

As is obvious from what has preceded, the following law holds 
good, viz. the farther we advance toward the violet (more refrangible) end of 
the spectrum, the closer do the lines approach each other, so that the line- 
spectrum prevails almost exclusively at the ultra-violet end. 


According to Riecke,? the difference between line and band spectra is 
that in the former the frequencies in the series form a simple progression, 
like those of a string or an organ pipe; the waves are therefore due to 
atomic or molecular vibrations similar to those of linear systems; while the 
vibrations of molecules producing band spectra are determined by three 
independent conditions, and are thus analogous to the vibrations of bodies 
possessing extension im space. 

Reinganum ® has pointed out that the relations of the constant A to the 
atomic volume are still more pronounced than those to the atomic weight a ; 
in every vertical column of the periodic system, A is smaller the greater the 
atomic volume. An important criterion for the solution of the question, 
which series in the spectra of different elements correspond to each other, 
is the behaviour of the lines in question to the Zeeman eftfect.* 


1 Kayser and Runge found that carbon obeyed these rules approximately. (Abhandl. 
d. Berl. Akad., 1899). 5 

2 Lehrbuch d. Physik, 3 edit. Bd. I. pp. 558 and 560 (1905). 

3 Physik. Zeitschr. 5. 302 (1904). 

4 See Runge, Ber. d. physik. Ges. 5. 313 (1904). 


CHAPTER II 
THE KINETIC THEORY OF THE MOLECULE 


General Observations.—In the preceding chapter we have con- 
sidered the properties of atoms; in this and the following chapter we 
will endeavour to obtain a mental picture of the molecular structures 
which are formed by the union of atoms. It cannot be denied that 
we depart from simple experiment at the outset: it would certainly 
be possible to construct a system of theoretical chemistry without 
speculations of this kind, and under the safe guidance of thermo- 
dynamics, but only in a very troublesome and unsatisfactory way, by 
which much important knowledge would remain hidden. ‘It is 


certainly an advantage that the laws of thermodynamics contain truths 


which cannot be shaken, since they do not rest’ upon any hypothesis 
of the constitution of substances. But if we therefore refrain from a 
more detailed investigation into the nature of substances, for fear of 
leaving the region of indisputable truths, we wilfully ignore a path 
leading to new truths.” ! 

There are two very different ways which have led to conceptions 
of the molecular world. 

On the one hand, an endeavour was made to derive many 
properties of molecules, and at the same time the properties of the 
substances formed from them, on purely mechanical principles. This 
was originally a purely deductive method; but afterwards, the 
necessity of bringing the properties of the substance into closer con- 


nection with those of the molecules led to a development of the 


method by inductive reasoning, as is common in all sciences. We 


regard it as the greatest result of this method of investigation, that it 


makes the nature of heat intelligible by means of simple kinetic 
conceptions. 
On the other hand, the study of the innumerable carbon com- 


Bb! pounds led to thorough conceptions regarding the arrangement of the 


_ atoms in the molecule. The conjectures which at first were vague, 


soon assumed tangible form, and supported the work of investigators 


1 Van der Waals, Kontinuitat, etc., p. 119. Leipzig, 1881. 
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so effectively that the fears that the hypotheses involved were too 
daring, became groundless in view of the undeniable results to which 
the hypotheses led: in this way arose structwral chemistry and its con- 
sequence, stereo-chemistry. 

In this chapter we will consider only the more physical side of the 
molecular theory, and on account of the limited space only the more 
important subjects will be noted. It should be noticed, as a matter of 
historical interest, that as early as 1740 Daniel Bernoulli developed 
conceptions regarding the behaviour of gases which were essentially 
identical with the views now universally entertained ; but it was not 
till 1845 that J. J. Waterson presented before the Londen Royal 
Society a paper containing a very happy and complete development of 
the kinetic theory of gases. Unfortunately the paper at that time 
was not printed, and its publication was accomplished only lately by 
Lord Rayleigh,! who found it in the archives. Thus it happened that 
Kroenig in 1856, and Clausius in 1857, independently developed 
essentially the same views. After the fundamental ideas were thus 
clearly established, Clausius, Maxwell, Boltzmann, O. E. Meyer, van 
der Waals and others participated in the further development of the 
theory. 


For the literature see O. E. Meyer, Kinetic Theory of Gases, in which 
weight is laid on simplicity of presentation and experimental proof; and 
especially Boltzmann, Gas Theory, i. and ii. (Leipzig, 1895-1898), which aims 
rather at the most exact working out of the fundamental hypotheses ; also 
the remarkable work of Clausius, Mechanical Theory of Heat, ii. (Braun- 
schweig, 1889-1891), which unfortunately was never finished. 


The Kinetic Theory of Gases.—This theory represents the first 
successful attempt to explain a number of the material properties of 
substance, by means of simple and clear assumptions on the nature of 
the molecule. The theory starts out by assuming that the molecule 


of a gas is indeed very small, but yet has a certain finite extension, so — 


that the space occupied by the molecule itself, or by its sphere of 
activity, is very small as compared with the volume occupied by the 
gas as a whole. The molecules are separated by distances which are 
very large in comparison with their own size, and therefore exert no 
marked influence on each other. Only when they come very close to 
one another do colliding forces appear, and these at once cause them 
to separate ; or, in other words, the molecules conduct themselves on 
collision like absolutely elastic bodies. 

Let us consider the path of any selected molecule ; this will con- 
tinue to move with a certain uniform velocity, since it is not subject 
to the action of any force, until it collides with another molecule. 
After rebounding from this, it will, as a rule, move with a uniform 
velocity, but changed in direction and magnitude, till there follows 


1 Phil. Trans. 188. 1 (1892). 


+ | ; ie 
1 ieee 
’ OHAP. I THE KINETIC THEORY OF THE MOLECULE 199 


another collision, ete. The path of a molecule will be a zigzag, the 
separate parts of which will be traversed with a velocity varying 
about a certain mean value. Thus the length of the “free path,” 
ae. the path traversed without colliding with any other molecule, is 
constantly subject to change; but when the external conditions are 
maintained constant, it varies about a definite mean value, viz. the 
“mean free path.” 

The mean kinetic energy of the motion of translation of any particular 


molecule amounts to ot if “m” denotes its mass and “u” its 
mean yelocity. But besides the energy of the motion, the molecule 
has a certain imternal energy which is given by the kinetic energy 

_ both of the rotatory motion of the molecule, and also of the vibration 
of the atoms composing the molecule. The internal energy of a 
molecule is also assumed to be by no means constant, but to vary, in 
the course of time, about a certain mean value. 
_ That pressure under which an enclosed volume of gas stands, and 
which it conversely exerts on the walls of the enclosing vessel, can be 
at once calculated from these assumptions without knowing anything 
more. It is caused by the blows of the ‘molecules on the walls of the 
vessel as they strike and bound back from it; and it is obvious that, 
other things being equal, the number of these blows is proportional to 
the quantity of the molecules in unit volume, i.e. to the density of the 
gas. But this only amounts to saying that the pressure exerted by 
an enclosed quantity of gas must be inversely proportional to the 
space occupied by it, which explains the Boyle-Mariotte law (p. 38). 

In order to calculate the pressure quantitatively, let us suppose a 
cube, the content of which represents unit volume, and the sides of 
which therefore represent unit area, to contain any selected quantity 
of a simple gas ; let the mass of one molecule of the gas be “m,” and 
the number of molecules be N ; then the density of the gas will be 
represented by the equation 

mN =p. 

The mean square-velocity u? of the molecule determines the 
pressure exerted, as is easily seen; for both the force and the 
frequency of the blows of the gas molecules depend upon it, A 

- molecule striking in a direction normal to a cube face will be thrown 
back in a reverse direction, but with the same velocity, and its 
- momentum therefore changes sign; the total change in momentum 
caused by the collision being ~~ 

2mu. 


Now if we denote the number of molecules striking the cube wall 
‘in unit time by 1, {en the pressure exerted on unit of surface 


~ amounts to 
p= 2mup. 


* € d 7 + 
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In order to calculate v, let us imagine the irregular movement of 
the molecules to be arranged in order, for an instant; and during this 
time, let them all move in the same direction, at right angles to one 
of the sides of the cube, and with the mean velocity u; then during 
this moment the number of molecules which will bound back from the 
wall, provided the external conditions remain constant, will be 


Nu, 


and it is obvious that during this time this wall only will be subjected 
to the total pressure exerted by the gas. But, as a matter of fact, this 
total pressure distributes itself between the six cube faces in the 
movements actually taking place ; then in reality we shall obtain + 


Nu 
v= >) 


6 
and the pressure sought therefore will be 


1 1 
ees eb 
Pp gNmu ght 


From this equation we can calculate the mean velocity u for all 
sorts of gases. For example, let us consider a quantity of hydrogen 
enclosed in 1 ¢.c. at 0° and under atmospheric pressure ; the weight 
of this amounts to 0°00008988 g. and the pressure exerted by this 
upon 1 sq. em. amounts to 1033°3 g. weight, or 1033°3 x 980°6 
absolute units (980°6 = gravity acceleration). 

Thus the value of u is found to be 


3 x 1033°3 x 980°6 cm 
Uug= = peat 
us 0:00008988 183, Oe 


According to this the hydrogen molecules move with a velocity 
which averages about the enormous mean value of 1:84 kilometres per 
second. Since, according to Avogadro’s rule, p is proportional to the 
molecular weight M, we can find the velocity for other gases by the 


formula | 
ip = 183,900, / 22018 am _ 26 UIs 
M see. JM 


We observe that u is independent of the pressure ; but u increases 
with increasing temperature; and since p is proportional to the 


absolute temperature, then st the mean kinetic energy of the translatory 


motion, is proportional to the absolute temperature ; and conversely the mean 
kinetic energy of the molecules of a gas is a measure of the temperature. 


ii ik carr ii na, 


The Rule of Avogadro.—Let us compare two different gases at 
the same temperature and pressure ; and let us denote by N,, m,, and 


1 This conclusion can really be based upon more satisfactory reasoning (p. 207 of the 
above-quoted work of Boltzmann). 


i. e 
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u, the number of molecules in unit volume, their mass, and their mean 

velocity respectively for one gas, and similar values for the other gas 

by N,, m,, and u, respectively ; then the common pressure p of both 

gases, by the formula (p. 200), must amount to 


1 1 
B= gN mu’ = g Nom uy" : : : (1) 


Now, experiment shows that by mixing different gases at. the same 
temperature and pressure, there occurs no change of pressure or 
temperature ; the different molecular species preserve their kinetic 
energy unchanged after the mixture. We might make the very 
improbable assumption that one kind of molecule gains as much 
kinetic energy as the other loses, on mixture; but even this assump- 
tion is contradicted by experience, for each gas in a mixture exerts 
{¢.g. on a semipermeable partition) the same pressure as if the others 
were not there, and that would not be possible if the addition of 
. another gas affected its kinetic energy. Hence the mean kinetic 


. eee 1 
energy of the two kinds of molecules after mixing is mu,” or =m,u,* 


2 2 
respectively. But as the two gases are in thermal equilibrium they 
must have the same mean kinetic energy, else, according to the laws 
of collision of elastic spheres, an interchange of energy would occur. 
Therefore we find that 


and accordingly from (1) and (2) 
N= N, ; : ‘ : (3) 


~ That is, unit volumes of all the different gases, at the same temperature 
and pressure, contain the same number of molecules ; or the molecular weights 
of gases have the same ratio to each other as their densities. Thus the law 
of Avogadro follows from the standpoint of the kinetic theory, a result 
of fundamental importance for physical chemistry, since its conclusions 
| are largely based on Avogadro’s law. 


| The Ratio of the Specific Heats.—As already pointed out, the 
| heat content of 1 g.-mol. of a gas having the molecular weight M, 
consists of the energy of the progressive motion of the molecule 
. (= 5"), plus the etiergy of the-internal movements of the molecule. 
|| If we denote the increase of the internal energy per degree of tempera- 
ture by E, then the specific molecular heat at constant volume Cy (see 
| p. 48) will be 

hy : op! YW? 
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‘ 
and the specific molecular heat at constant pressure will be 


i W2 1 ibe a NV, ae en 
JCp= 5M A+ E+ oMin> = + Mar +e 
in which 
Lue) py, 
ga 


refers to the external work performed ; J is the mechanical equivalent 
of heat ; the ratio of the two specific heats is given by the equation 


yamues 

ns) (a 
C, ; gig + E 
Oe eg Wu? : 


Inasmuch as E, from necessity, has a positive value, k must always 
5 : 
be less than i 1667 ; and k approaches. this limiting value only when 


E is very small. If, on the other hand, E becomes very great, then 
k approaches the value 1. These anticipations are most perfectly 
established by experiment, as the following table shows :— 


k k 
Mercury : . 1°666 Chloroform Rape te) 0) 
Oxygen : . 1:404 Methylether .° 1118 
Nitrogen : - 1410 Ethyl! ether - 1°029 
Ammonia : a lecho) 


In only one case, viz. that of mercury, in which k was measured — 
by Kundt and Warburg ' by the ‘“‘dust figure” method (p. 50), does — 
the ratio of the specific heats reach its upper limit; but mercury is 
a monatomic gas, and it was therefore to be expected @ priori that, 
in this case, the internal kinetic energy would have an infinitesimal 
value compared with the energy of progression. This brilliant 
coincidence between anticipation and experiment is one of the most 
beautiful results of the kinetic theory of gases. 

In case of the other gases studied, k is always smaller than 1°667, 
and in general it falls below this upper limit, z.¢e. the internal energy 
is larger as compared with the external energy, just in proportion as 
the number of atoms in the molecule increases ; and this is in accord 
with the theoretical explanation, that as a molecule becomes more 
complicated, a greater fraction of the heat introduced will be used in 
increasing the kinetic energy of the atoms in the molecule: thus in 
the case of ethy] ether, the relative difference between the specific heats 
is very small in comparison with their absolute magnitudes. 


The molecular heat at constant volume may thus be calculated — 
for monatomic gases, for which E=0, in absolute measure; it is 


1 Pogg. Ann. 157. 353 (1876), 


a 
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M u2 261,100)2T 
Oe a = But » es therefore 
261,100)? 
C, = = sala bsolute u 
7" 9x273 ie 
OER 2.981 sal 


~ 2x 273 x 41°89 x 10° 


Direct measurement of C,/C,=1:666 for mercury vapour, together with 
the relation C, —C, =1-985 (p. 48), gives C, =2:980. The remarkable 
agreement of these numbers is, of course, only another version of the test of 
theory already given. Lord Rayleigh, it is well known, found the ratio 
of the specific heats 1-667 for the newly discovered gaseous elements, helium, 
argon, etc., from which, by analogy with mercury, they were concluded to 
be monatomic, This is in accord with their position in the periodic 
system (p. 180). 


The Mean Length of the Free Path.—The kinetic theory of 
the gaseous state has in a similar way led to a clearer conception con- 
cerning a number of other properties of gases, and in particular has 
thrown light upon the properties of diffusion, internal friction, and 
conduction of heat. All of these properties can be explained by the 
backward and forward motion of the gas molecules; these motions 
cause the impinging layers of gases of different composition to mingle 
with each other (ordinary diffusion) ; they also bring about the equalisa- 
tion of the different velocities of the various gas molecules (internal 
friction), and thus effect the exchange of kinetic energy (conduction of 
heat). These three properties appear to be very closely related ; we 
may define the first as the diffusion of matter, the second as the 
diffusion of momentum, and the third as the diffusion of kinetic 
energy (heat).1 

Each one of these three processes has a very close dependence 
upon the “mean free path,” L, of the molecule, which, according to 
Clausius, is calculated to be 


where we denote by X the mean distance of the supposedly spherical 
molecules ; by A#, the cube which in cross-section contains a molecule ; 

and by s, the distance of the centres of gravity of two molecules on 
collision, i.¢. when at the nearest. approach that they can make to each 
other. The free path is inversely proportional to the number of mole- 


cules in unit volume, é.¢. it is inversely proportional to the density of the 
gas. In deriving this formula, it is presupposed that s is small com- 


pared with L, and also, that the same (mean) velocity of progressive 
motion is to be ascribed to the molecules. If we do not make this 


1 See Maxwell, Theory of Heat, chap, xxii. 
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last assumption, then in the preceding formula, according to Maxwell, 
in establishing his law of distribution, we obtain .»/2 instead 


of = (i.e. 1:41 instead of 1°33). 


The first determination of a mean free path was made by Maxwell 
(1860), who obtained for the value of y, ie. the internal friction of a 
gas, the equation 

ie 12 
p73" 


aS 


’ 
T 


: 12 ‘ 
where p denotes the density, and 73" denotes the mean velocity cal- 


culated from the law of distribution. Later, the mean free path was 
calculated from the conductivity of heat (Maxwell and Clausius), and 
from the diffusion of gases (Maxwell and Stefan), and in all cases the 
values found by these different methods coincided with each other, 
at least approximately. 

Thus O. E. Meyer! calculated these values at 20°, and 760 mm. 
pressure, for the following substances : 


L 
Hydrogen . b : : : a 0:000185 mm. 
Methane ; E j : , < 0°000085_ ,, 
Carbon monoxide . é A : 3 0000098 ,, 
Carbon dioxide a ; ; 3 5 0000068 ,, 
Ammonia . : é E , : 0°000074 


3? 


The Maxwell law of distribution is this: out of N molecules of a gas, 
the number whose velocity lies between v and v + dy at any moment is 


27 Nv? - 
Pie ates dv; 


where u is the molecular velocity already calculated (p. 200), and thus 
expresses the velocity corresponding to the mean kinetic energy of the 
molecules. The chief fault of this law is that its complexity makes it 
almost impossible to carry out extensive numerical calculations based on 
kinetic concepts. 

Thus the theory of neither thermal conduction nor diffusion can 
be regarded as complete. The only certainty is that the coefficient of 
heat conduction K takes in the kinetic theory a form 

K=xye,, 
where «x is a numerical factor (probably depending on the ratio of the 
specific heats), and c, is the specific heat of the gas. This relation is proved 
by Schleiermacher (Wied. Ann. 36. 1889, p. 346). 

The following remarkable result is due to Maxwell. IL being inversely 
proportional to the density of the gas, the viscosity , and consequently the 


1 Kinetische Theorie der Gase, Breslau, 1877, p. 142. 
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thermal conductivity K, is independent of the density. Unlikely as this 
appears at first sight it is fully confirmed by experience. No one who 
grasps the order of these thoughtful conclusions and their exact experimental 
confirmation would decide to give up the kinetic theory until some other 
self-contained theory of the phenomena appears. 

For two gases of equal molecular weight and equal viscosity the 
coefficient of diffusion is found to be 
ie 
aoe J 
Pp 
eg. CO, and NO, gave 0:089, whilst the calculated value from 7 = 0000160 
and p=0-00195 is 0:082. The general theoretical treatment of gaseous 
diffusion involves great difficulties (see the above-mentioned work of 
Boltzmann quoted on p. 198). 


Kinetic Theory and Heat.—The preceding developments of the 
kinetic theory have led to an extremely simple conception of the 
nature of heat. The heat content of a body, in whatever state of 
aggregation, is given by the total kinetic energy of its molecules; the 


. kinetic energy is made up of the energy of motion of the molecules 


(or rather of their centres of gravity) and of their internal energy ; 
the latter includes both the energy of rotation of the whole molecule, 
and especially also the energy of vibration of the atoms composing the 
molecule. The external energy of all substances, whether gaseous or 
otherwise, increases with the temperature ; at absolute zero ( — 273°) 
the motion of the molecules ceases—the material undergoes the 
“heat death.” ‘The irregular motion of molecules, which corresponds 
to the heat-content of a substance, does not therefore differ in 
pemerple, from the regular motion of a body; for example, from a 
motion.where all the molecules of a body are displaced with the same 
velocity and in the same direction through space, the body thus being 


- moved as a whole. 


From a purely practical point of view, however, there is a very 
great difference—for example, when we wish to apply the kinetic 


_ energy of a substance in regular or irregular motion to the production 


of work. For imagine kinetic energy to be supplied in two ways to 
a given body: first in the form of regular motion, when the body as 
a whole will receive a certain definite velocity of progression or 
rotation ; and secondly in the form of irregular motion (heat), when 


the separate molecules of the body are given velocities of progression 


and rotation which differ in magnitude and direction, or, in other 
words, when the temperature is raised a certain amount dependent on 
the specific heat. It-is not difficult to convert the first kind of energy 
into work, or to apply it to heat another body; up to the present, 


however, it has been found quite impossible to convert the total 
_ energy of the irregular motion into a given amount of work, to trans- 
form it, for example, completely into the energy of progressive motion 


of another body. This could be, of course, easily accomplished by a 
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being able to take away from each separate molecule its energy of 
motion, just as we can take away the energy of motion of a sufficiently 
large body, although not from molecules which are imperceptible to 
our senses. If we cool the original body by means of suitable inter- 
mediate substances, and thus remove the imparted heat, we can at any 
rate partly convert the latter into energy of progressive motion. 
In this way the kinetic theory gives us a clear idea of the mutual 
convertibility of heat and external work, and just as the first law of 
the mechanical theory of heat, namely, the indestructibility of matter 
and equivalence of heat and work, follows at once from the kinetic 
conception of heat as kinetic energy, so the marked difference (in the 
present state of experimental art) between the values of kinetic energy 
of regular (microscopic) and irregular (molecular) motion leads to the 
law of limited convertibility of heat into external work—z.e. the 
second law of the mechanical theory of heat. 


The second law was derived from kinetic conceptions by Boltzmann (see 
his book, mentioned on p. 198). It is extremely important to notice that by 
this means we can arrive at a fairly clear form of the entropy function 
mentioned on p. 27. Boltzmann showed, namely, that the entropy of a 
gas 7s proportional to the logarithm of the probability of rts condition. Hyery 
isolated system naturally tends towards the most probable condition, and 
hence in every spontaneously occurring and irreversible change, the system 
will pass from a condition of small, to one of higher, probability. Boltz- 
mann’s law shows clearly that entropy must increase in every irreversible 
process (p. 27). 

In recent times the kinetic theory has received strong support from the 
detailed investigations of the so-called Brownian movement. In the year 
1827, the English botanist Brown (Hdin. Phil. Jour. 5. 358 (1828), Phil. 
Mag. 4.101 (1828), 6. 161 (1829)) found that very small particles suspended 
in a liquid are subject to peculiar vibratory movements. This phenomenon 
was afterwards observed by a number of investigators; Zsigmondy showed 
that it was common to all colloidal solutions (chap. xii.); he observed 
further that when the particles were extremely small (with diameters less 
than about 4 pu), they undergo besides the vibratory a translatory motion, 
which is more pronounced the smaller the particle. The cause of the 
phenomenon was for a long time not understood, although different authors 
had supposed it to depend on the heat motion of the molecules. An exact 
kinetic theory was first developed by Einstein in 1905 (Ann. d. Physik. [4], 
17. 549 (1905); 19. 289 (1906); more simply in Zettschr. f. Elektrochem, 
14. 235 (1908)); this enabled the phenomenon to be quantitatively 
examined, and its causes to be definitely determined. The results of the 
theory were tested in various ways; Svedberg, for example (Zettschr. f. 
Elektrochem, 12. 853 (1906)), investigated the connection between the 
amplitude of the suspended particles and the viscosity of the solvent ; Seddig 
(Physik. Zeitschr. 9. 465 (1908)) determined the influence of the temperature 


on the magnitude of the amplitudes: by using values found by other — 


methods for the absolute size of molecules (chap. xiii.) a satisfactory agree- 


ment with experiment was obtained. It can therefore be taken as proved | 


Pie ay. oT - 
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that the Brownian movement is caused directly by the heat motion of the 
molecules. From this point of view, we must assume that a particle 
‘suspended in a liquid receives impulses on all sides from the rapidly moving 
molecules of the liquid. 

According to the theory of probability, the resultant of all these forces 
will not in general be zero; the particle will therefore be set in motion, and 
the smaller it is, the fewer molecules will hit it simultaneously, and there- 
fore the less will be the probability that the resultant of the forces is zero ; 
hence the smaller the particle, the more lively is its motion. 

The Brownian movement gives us, therefore, to a certain extent, a rough 
picture of molecular motion; we cannot follow the motion of a single 
molecule of the liquid, but we get an idea of the combined action of a large, 
but certainly finite, number of these molecules, 

The Brownian movement gives us a possible way of converting heat into 
- work, in contradiction to the second law; for invisible irregular motion is 

changed into visible regular motion. Of course we can only talk of regular 
motion when we consider only one, or at any rate very few suspended 
particles; when this number exceeds a certain amount, the motion is 
altogether as irregular as that of the molecules themselves. But it is of 
interest to note that the Brownian movement indicates the lower limit of 
the yalidity of the second law, which loses its importance (for sufficiently 
short times) even in spaces large enough to be easily comprehended by our 
senses with the help of optical instruments. 
_ There is still another way by which we have recently obtained ocular 
demonstration of the irregular movement of molecules. On the basis of 
Maxwells law of distribution, we must assume that different points in a gas 
| are at Gifferent temperatures (velocity of molecules), have different densities, 
| ete., provided that a sufficiently small space is under consideration. These 
irregularities can only be demonstrated under special conditions, namely, in 
| the neighbourhood of the critical point (cf. p. 64) (v. Smoluchowski, Ann. d. 
|| Phys. [4], 25. 205 (1908)). In a gas, for example, which is under its critical 
ten 


_ pressure, and at a temperature only slightly above its critical temperature, 
there will be small spaces in which the temperature will be so far under the 
mean value, that the critical point is reached, and local liquefaction takes 
' place. This partial liquefaction at a point just above the critical point is 
_ shown by cloud formation, or opalescence, and has, in fact, been long observed 
by different investigators. Conversely, when a liquid is warmed to the 
critical point, it becomes turbid just before the meniscus vanishes, for, owing 
to the irregular velocities of the liquid molecules, the conditions for the 
gaseous state become realised at isolated points. 
In the face of these ocular confirmations of the kinetic theory of the 
' molecular world, we may well acknowledge that the theory begins to lose its 
_ hypothetical character. 


‘ The Behaviour of Gases at Higher Pressures.—When we 
reduce a gas, by the application of great pressure, to a density 
comparable to that of the liquid state, the gases repudiate the gas 
laws entirely (as was shown on p. 53), and we are met with the 
important problem of accounting for the necessary modifications in 


as a | Bw sb 
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the latter. This was studied with extraordinary success by van der 
Waals ;! his theoretical explanation of the deviations, shown by 
strongly compressed gases, from the. Boyle-Mariotte law, has given in 
a surprising way an indication of the nature of the liquid state. 

The accepted view of the kinetic gas theory serves as the guiding 
idea. In ascribing the pressure exerted by the gas on the walls to 
the bombardment of the molecules in their backward and forward 
movement, two assumptions were made: firstly, that the whole space 
of the enclosing vessels is utilised by the moving molecules, or, in 
other words, the volume actually occupied by the molecules is very 
small in comparison with the whole volume ; and secondly, that the 
molecules exert no very great reciprocal action on each other. These 
two assumptions, of course, would be realised at a great attenuation 
of a gas, and they would become less exact the nearer the molecules 
were brought together. Thus it is necessary to introduce the influence 
of these two factors into the gas equation 


py =k 


We must, under all circumstances, hold fast to the assumption 
that the kinetic energy of the translatory motion of the molecule is 
proportional to the absolute temperature, and is independent of the 
particular nature of the molecule in question. Then a spatial ex- 
tension of the molecules will cause a contraction of their ‘‘ play space,” 
and they will strike the wall so much the oftener. In consequence of 
this, the pressure exerted will be greater than that calculated from the 
gas formula, and, indeed, the pressure will be increased in the same 
ratio that the mean free path is shortened from the spatial extension 
of the molecules. In this way van der Waals found that, as a result 
of the increase of the volume of the molecule, the pressure would 
apparently increase in the ratio —; where “b,” the so-called 
“volume correction,” 7s fourfold as large as the volume of the molecules. 
Apparently “b” diminishes somewhat when the molecules are very 
close to each other; but the important question of the rate of decrease 
needs further study. 

Moreover, there are attracting and repelling forces active between 
the molecules as they approach each other in compression. From the 
experimental fact, discovered by Joule and Thomson (1854), that 
strongly compressed gases are noticeably cooled by expansion which 
takes place without doing work against external pressure, it is to be 
inferred that the expansion performs work against the action of 
molecular forces, 1.¢. the molecules attract each other. Therefore we 
must ascribe a certain cohesion to gases also, and this will be the more 
noticeable the greater their density. Regarding the mode of action 


1 Kontinwitit der gasformigen und fliissigen Zustandes. German trans. by F. Roth, 
Leipzig, 1881; 2nd ed., Leipzig, 1899. 
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of this molecular attraction, many facts lead in common to the con- 
ception that these forces are active only when the molecules are very near 
each other, and that they quickly vanish on their separation from each 
other. The fact that the gas molecules do not agglomerate into one 
mass in spite of their attraction, and of their being separated by only 
empty space, must be ascribed to the heat motion which resists a 
| diminution of volume, and acts like a repulsive force. Thus likewise 
| the moon, though attracted to the earth, does not fall upon it, because 
its centrifugal force, resulting from its circular motion, resists the 
attraction, and exactly compensates it, at least in finite time. 

A molecule in the interior of a gas mass experiences, on the whole, 
no attractive force, because the molecules are distributed around it in 
homogeneous density, while a molecule existing in the surface is 
attracted inwards. ‘This attraction acts against the momentum of the 
blow with which the molecules strike the wall: thus from the molecular 
attraction there results a diminution of the pressure acting outwards. 
Without a knowledge of the law governing the decrease of molecular 
attraction with distance, we may make the following remarks on the 
relation between this diminution of pressure and the density of 
the gas. 

If we consider a part of the surface, then the force attracting it 
inwards will be proportional to the number of molecules in the 
interior, ze. to the density of the gas; but, on the other hand, this 
force is also proportional to the number of molecules existing in the 
part of the surface considered, and this also increases with the density ; 
hence the attraction sought varies directly with the square of the density, or 
inversely with the square of the volume of the gas mass. If we denote by 
Pp the pressure of the gas, corresponding to its density and the kinetic 
energy of its molecules, and by p the effective pressure of the gas 
mass as actually measured by the manometer, then we have— 


a 
Pp P=K=— 


where ‘‘a” denotes a constant which refers to the molecular attraction 


of the gas, and where K denotes the molecular pressure. 


The Equation of van der Waals.—If we introduce into the 
gas equation (p. 40), in place of the volume occupied by the gas mass, 

_ the volume corrected for the space actually occupied by the molecules, 
| and instead of the. pressure actually exerted by the gas mass, the 
| pressure which would exist if there were no molecular attraction, then 
the equation assumes the form 


(p + = ee —b)=RT. 


This is van der Waals’ characteristic equation, which also applies to 
P 


e- = 
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the liquid state, as will appear in considering the kinetic theory of 
liquids. 

Now the formula given above with three constants shows, in a 
remarkable way, the dependence of any given gas mass upon the 
pressure, volume, and temperature. If we consider the case where a 
gas is compressed at constant temperature, experiment shows that 
Boyle’s law holds good for large volumes; and, as a matter of fact, 
for large values of the volume v, both the corrections are infinitesimally 
small. As we pass over to conditions of greater pressure, gases in 
general are compressed more easily than they should be to correspond 
with Boyle’s law ; this is explained on the supposition that in com- 
pression the molecules are drawn more closely together by their 
attractive force, which thus tends to aid the action of external pressure. 
At very great compression, on the other hand, gases resist a diminu- 
tion of volume more strongly than they should to correspond with 
Boyle’s law; the reason for this is, on the one hand, that, with a 


: ella Ge 
slight change of volume, the quantity “2 increases very slowly ; and, 


on the other hand, the “volume correction,” which acts in the sense 
just considered, begins to be an important factor, and becomes more 
so the nearer “v” approaches “b” by compression. 

Amagat found (p. 53), in a series of gases (nitrogen, methane, 
ethylene, and carbon dioxide), that the product pv, instead of remain- 
ing constant as it should, according to Boyle’s law, at first began to 
decrease, and afterwards increased very strongly: this is very well 
explained by the formula of van der Waals. 

A picture of the degree of quantitative coincidence is shown in 
the following table, in which are given the values of pv as calculated 
by Baynes! for ethylene according to the formula 

000786 
(p + yew — 00024) = 0°0037(272°5 +t), 


and the corresponding values of pv observed by Amagat :— 


TABLE FOR ETHYLENE 


1000 pv \ 1000 pv 
p Dp 

Obs. Cale. Obs. Cale. 

81°58 914 895 133°26 520 520 
45°80 781 782 176°01 643 642 
72°86 416 387 | 233°58 807 805 
84°16 399 392 282°21 941 940 
94°53 413 413 829°14 1067 1067 
110°47 454 456 89871 1248 1254 


1 van der Waals, Z.c. 101. 
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The pressures are estimated in atmospheres; the measurements 
are referred to t = 20°. 
But hydrogen, which Regnault called a “more than perfect gas” 
(gaz plus que parfait), shows at the very first that, at ordinary 
temperatures, it resists compression more than corresponds to Boyle’s 
law, at least in the region thus far covered by experiment; thus if 
p= 2-21 and p, = 4:431 m. of mercury pressure, we obtain 
PY = 0:9986. 
Px x 
It follows from this that even at these low pressures the volume 
correction of this gas is of greater influence than the molecular 
attraction, If one assumes “a” to be infinitesimally small, then 
from the preceding figures “b” is calculated to be 0°00065. It must 
therefore be inferred from van der Waals’ interpretation of the volume 
correction, that at 0°, and under 1 m. pressure of mercury, the molecules 
- of hydrogen, as a matter of fact, occupy only oe =0°00016 of 
the apparent volume. We must therefore conclude that, even under 
the greatest pressures possible, hydrogen could not be compressed 
so as to-vccupy less space than ; jo th of what it occupies at 0° and 
under | m. pressure. 
Finally, it must be emphasised that the van der Waals’ formula 
} may claim to hold good only when the gas experiences no change in tts 
molecular condition as its volume changes ; for the theory advanced above 
provides that the molecules, even under the highest degrees of con- 
densation, must remain single individuals, and not unite to form 
_ larger groups. It cannot be stated a priori whether or not this 
occurs in particular cases, but the accuracy of the formula makes this 
very probable. Deviations of this sort from Boyle’s law, which are 
| shown by certain gases, are to be ascribed to the polymerisation of 
| the molecules in the case of an increase, or to dissociation in case of a 
| decrease, of pressure; such deviations, which can reach a value of 
quite a different order of magnitude, cannot of course be explained 
| by van der Waals’ equation of condition. The explanation of this 
will be found in the laws of dissociation, in. the third and fourth 
‘books. ; 


If we consider the dependence of the pressure, at constant volume, upon 
the temperature, then by applying the equation of condition to two tempera- 
_ tares, T, and T,, there is obtained ~ 


a 
(», + = (v—b) = RT, 


7 Wroblewski found that at very low temperatures even hydrogen began to show 
é evidence of a diminution of the value of py.—Wveener Monatshefte, 9. 1067 (1888). 
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(v.+ : =3) (v-1)=RT; 
and by subtraction there is obtained 


Po- Pp; BR | 
AMS At v—b 


Since there are no quantities on the right side of the equation which 
change with the temperature, the increase of the pressure also for highly 
poniprekaed gases is proportional to the increase of the temperature; and, 
indeed, the pressure sag more rapidly than in the case of the ideal 


gases, 7.e. more than z per degree, since instead of 7 as in the case of ideal 


R 
gases, we have here ae ty This is also substantiated by experiment, and 


proves, therefore, that neither a nor b change very much with the tem- 
perature. It is of course assumed that there is no change of molecular 
condition associated with the temperature. 

It was noticed in the third edition of this bore that van der Waals’ 
equation can be reduced to apply to perfect gases, and used to obtain an 
exact value of the gas constant R (see also Leduc, C.R. 124. 285, 1897). 
This has been done meanwhile by Guye and Friedrich (Arch. scien. phys. nat. 
9. 505, 1900) as follows. For p=1 atm, and T=273, van der Waals’ 
equation becomes 


(a +5) (vy -b) =B. 273, 
Vo 


where v, is the volume of a mol of gas under normal conditions, whilst the 
equation 
PoVo=RT 


gives the volume V, of an ideal gas under normal conditions. Hence 
ae 
o= Vo ty ae 


b a 
Vi,=v Q-3+55). 
Ome 10 Vy Von 


or, accurately enough, 


In this way the above authors found for V, the value 22-41, while 
D. Berthelot (cf. p. 41) found similarly 22-412. 


The Kinetic Theory of Liquids.—The views advanced by van 
der Waals to explain the behaviour of gases under great pressure lead 
to some very remarkable conclusions respecting the liquid condition. 
It has been already inferred from ‘the critical phenomena which make 
it possible to transform the two states into each other without inter- 
ruption (p. 65), that the molecular condition in the two is not very 
different ; and, in fact, the following considerations lead also to this 
same conclusion. 
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r According to the original hypothesis advanced for the case of 

ideal gases, the mean kinetic energy of the translatory motion of the 
molecule (in distinction from the kinetic energy contained in their 
atoms), is proportional to their absolute temperature, but independent | 
of their nature; this hypothesis can now be also applied to gases of / 

Eany desired density ; ; we will next consider the consequences resulting / 

\ from assuming that it also holds good for liquids. 

In the light of this hypothesis, we come at once to the view that 

on account of the great velocity of the molecular movement (p. 200), 

and the very close approximation brought about by the condensation 

of the gas, the molecules must collide with each other very often, and 

therefore must exist under a very great partial pressure. But there 

results from this very active movement a tendency of the individual 
| molecules to separate from each other; this tendency manifests itself 
unmistakably, not only in the vapour pressure, but also in the 
resulting property of liquids of filling a space completely with their 
molecules by way of evaporation ; but it seems very small in com- 
parison with the enormous expansive force of gases compressed gradually 
into liquids. The further question therefore at once arises, what 
hinders the liquid molecules, on account of their active movement, 
from separating from each other explosively ? or, in other words, how 
is the enormous partial pressure held in check ? 

An answer to this question may be found by the assumption of an 
attractive force between the molecules which it was found necessary 
to introduce in explaining the behaviour of gases. at high pressures. It 
| was shown (p. 209) that this force of attraction vanished [1.e. was 
' counterbalanced] in the case of molecules existing in the interior, and 
_ manifested itself only in the case of molecules at or near the bounding 
_ surface, inasmuch as the force gave a resultant perpendicular to the 

surface. Now the resultant directly counteracts the expansive force 

resulting from the heat motion of the molecules, and thus appears 
suited to hold this in equilibrium. In general a molecule coming 
from within, to the free surface, will be held back by the molecular 
attraction, and so will be retained within the liquid mass. Only those 
molecules which by chance reach the free surface _with a very great 
| eloity will beable to fe ‘themselves fr¢ from the control _ of the 

ol A 8 to evaporate. Tf there is a free space above 

a@ liquid this will always become~fitted with its molecules, but it must 

be Pohied that the pressure of the evaporated molecules in the gaseous 
_ state cannot pass a certain maximal limit. For, conversely, those 
_ molecules in the gaseous state, which approach too near the surface of 
the liquid, will at once be drawn in by the molecular attraction ; and 
thus there results a continual exchange between the liquid and gaseous 
parts of the system. 

Obviously the pressure of the gaseous molecules can only go on 
increasing till the number of molecules striking upon and retained by 


| 
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unit area of the surface in unit time, is the same as the number of mole- 
cules passing from the liquid to the gaseous part of the system through 
the bounding surface ; it is also easily seen that this maximal pressure 
must be independent of the relative amounts of the gas and liquid, 
and therefore corresponds in every respect to the satwration pressure of 
the liquid (Clausius, 1857). 

Only those molecules can evaporate from the liquid which have a 
kinetic energy greater than the mean, since only these can overcome « 
the molecular attraction. The mean kinetic energy of the liquid 
molecules must therefore be diminished by evaporation ; that is to say, 
the evaporation is attended with an absorption of heat, which of course / 
is in accord with experiment. 

/ Moreover, the phenomena exhibited by the surface tension ot | 
/ liquids (p. 56) can be ascribed to molecular attraction. In order to 
bring a molecule from the interior part into the free surface, work 
must be expended against the attractive force: it follows directly from 

this that a force must be overcome in order to produce a free Oy, 


x namely, the surface tension, and that the free surface of a liquid tends 


to reduce itself to a minimum. 
The way to obtain quantitative results from the preceding con- 
siderations is obvious. The following formula of van der Waals 


(p+5)@-b)=RT 


holds good both for a simple homogeneous gas and for a simple homogeneous 
liquid. In both cases a refers to the molecular attraction ; b refers 
here to the correction to be made for the total volume of the liquid, 
resulting from the contracted “play space” of the molecules. Now 
the constants a and b can be determined from the behaviour of gases 
under high pressure, and thus the theory leads to the surprising 
result, that from the behaviour of the gas as a gas we can quantita- 
tively derive its behaviour when it is condensed into a homogeneous 
liquid. 

Let us test the requirements of the preceding law by some special 
practical example. Thus van der Waals, from the compressibility of 
gaseous carbon dioxide, calculated the value of a to be 0:00874, and 
b, 0°0023, when the atmospheric pressure is the unit of pressure, and 
the unit of volume is the volume containing 1 g. of a gas at 0° and 
under 1 atm. pressure. We then have a mol of gas and 


M 
0:00874 R 
(p ie Ne ~0 0023) = M_ 
If we make p and v both equal to one, then T will equal 273, and 


there follows for = the equation 


\ e a : 
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273% = (1 + 0°00874)(1 — 0:0023) = 100646, 


and we thus obtain for the equation of condition of carbonic acid, 


0 
(p + eG ~ 0:0023) = 100646 ae ioe , 


where t denotes the temperature on the ordinary Celsius scale. This 
formula represents very satisfactorily the observations made by 
Regnault and Andrews on the compression of gaseous carbon dioxide. 
Let us also see whether the formula represents the behaviour of liquid 
carbon dioxide. 

For this purpose we will calculate a series of isothermals for 
different temperatures, putting the above equation into the more con- 
venient form 

_ 100646 273+t 0:00874 
fp 00008 273° FS 


and substituting various values of v, whilst t is kept the same. Thus 
| for t= — 1°8 we get 


Vv p } v p 

O01 9°37 0:008 : 38°8 
0°05 17°47 0°005 20°9 
0°015 39°9 0°004 42°0 
0°01 42°6 0°003 457°0 


Here p at first increases with decrease of v, reaches a maximum 
(for about v = 0-01), decreases, and finally increases rapidly. 

For this purpose we will plot the curves, corresponding to the 
definite temperatures t, on a system of co-ordinates where the abscisse 
represent volumes, and the ordinates represent the corresponding 
pressures.. These curves are the so-called “isotherms,” and are shown 
in Fig. 18. On studying these we are impressed by the fact that above 
32°5° only one pressure corresponds to one volume, 1.¢. the latter is 
determined unequivocally by the former. But below this temperature, 
within the limits of a pressure interval (which is marked by a heavy 
_ curve for the isotherm of 131°), for the same particular pressure there 
correspond three different volumes. At first glance this would appear to 
’ be absurd. But we know that at these vapour pressures, and only at 
these pressures, the same substance is capable of occupying two 
different volumes, one as a homogeneous gas, and the other as a homo- 
geneous liquid; but what is indicated by the third? Of course to 
_ suggest the volume of the substance in the solid state is out of the 
question. The van der Waals’ formula does not consider this. 

The matter will become clearer by considering this in the light of 
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experiment. The behaviour of gaseous and liquid carbon dioxide was 
studied very exactly by Andrews for those temperatures the isotherms 
of which are plotted. Let us consider, for instance, the isotherm 
corresponding to 13°1°. Andrews found, by beginning with small 
pressures and large volumes, that the gaseous carbon dioxide could be 
condensed to volume v, and pressure po, corresponding exactly to the 
path of the curve. The constants a and b, as in the van der Waals’ 
formula, were so determined as to make the compressibility of the 


! 
ut 


Fig. 18. 


gas coincide as well as possible with the calculation. That these 
constants may, as a matter of fact, be so chosen has been previously 
shown (p. 210). But when the pressure was made greater than pj, 
the diminution of volume did not correspond to the pressure of the 
advancing curve a 8 y 6 «, but there occurred a partial liquefaction, 
corresponding to the vapour pressure of carbon dioxide at 13°1°. The 
pressure remained constant until the volume of the saturated vapour 
had fallen from v, to the volume of the liquid v,’, 7.e. until the whole 
of the substance was condensed. 

After this any further diminution of volume was attended by an 
increase of pressure, and a very great increase too, as must be the case 
from the magnitudes of the coefficients of compression of liquids. 


_——e: 


ie 


| 
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| Beyond <, Andrews found the path as given by the rest of the curve ; 
| beyond «, the figures of the formula go hand in hand with those of 
| observation, and the rapid ascent of this part of the curve, as com- 
| pared with that part before a, is due to the fact that liquid carbon 
| dioxide is much less compressible than the gaseous form. 
| The formula rejects only the part of the curve from a to « 
| Instead of passing from the first point to the second by the serpentine 
path a B y 6 «, investigation shows that the substance passes from 
| the condition at a to that at « by the direct line. The formula does 
| not hold good here. The substance from a to « is not homogeneous ; 
| it is part gas and part liquid. The formula is applicable to both 
| gaseous and liquid forms, but it insists that each shall be homogeneous. 
| The process of gradual liquefaction is such that the adequacy of the 
formula must be temporarily interrupted, and it is interrupted. 
The question now arises whether it is possible to realise the portion 
| of the curve a B y d«, 2.e. whether it is possible to change a gas into 
| a liquid isothermally and continuously. A glance shows this to 
be improbable; for in the part of the curve B y 8, an increase of 
pressure would be attended with an increase of volume, and conversely 
a decrease of pressure with a decrease of volume; thus the substance 
| would appear to be in an unstable form, the realisation of which is 
impossible. 
But the first portions of the curves a-8 and 6-e can at any rate 
| be realised. These portions represent respectively the conditions of 
' supersaturated vapour and of over-heated liquid. In the first case, the 
pressure is in fact greater than p,, and the volume less than v,; and 
| there can be no doubt that the conditions of a vapour after saturation 
_ represent a continuance of those before saturation. Thus the fact that 
| the advance of a sound wave in a saturated vapour gives no evidence 
_ of interruption, shows conclusively that the vapour conducts itself in a 
' normal way in the compression associated with supersaturation. On 
_ the other hand, the part of the curve <6 expresses the capacity of a 
liquid for existing in a labile condition under a lower pressure than 
that corresponding to the vapour pressure of the respective temperature, 
_as shown by many observations. 
The further study of the curves plotted in Fig. 18 shows also that 
_ the three volumes (at which carbon dioxide can exist at the tempera- 
ture in question, and designated by the points a y «, for the temperature 
13-1°), approach each other with increasing temperature, and finally 
at the isotherm corresponding to 32°5° coincide in the point k. If we 
connect the points corresponding to a and «, for the other isotherms 
- (ie. the points where liquefaction begins and ends with increasing 
pressure), we obtain the dotted siphoidal (bergfirmige) curve shown in 
' the figure. The isotherm of 32:5 is tangential to this at the point k. 
_ The serpentine curve a § y 6 < here is crowded together into a point ; 
the physical interpretation of this obviously is that the specific volume 


Paihia. 
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of the liquid carbon dioxide is the same as that of the gaseous carbon 
dioxide condensed to this vapour pressure. Here, and here only, 
is it possible to convert the gas into a liquid continuously and iso- 
thermally, and the reverse; & corresponds to the critical point of carbon 
dioxide (p. 65). 

We thus arrive at the conclusion, that by the aid of the con- 
stants a and b, of van der Waals’ formula, all the critical data can be 
obtained. For this purpose we need only to plot a few isotherms — 
until we arrive at the clearly marked k, where the curve portions 
a, B, y, 6, « are crowded together in one point of inflection. 

We can obtain the same result more simply and ae’ by the 
analytical discussion of the van der Waals’ formula, 


(p+ 5)w-b)=RT; 


Eee ree eO 
{b + \v? +-v—-—=0. 
p Pp 


The equation is of the third degree for v. Then if the three roots 
are X,, X,, and x3, we will have, as is well known, 


(v — X,)(V — X_)(v — xg) = 0 

The roots may be real and imaginary. Of course only the first 
have any physical significance. Since the product of the three (v — x) 
values is real, then either two or none of the roots can be imaginary, 
because it is qnly by the product of two imaginary quantities that a 
real quantity can result. Therefore for one value of p at a given 
temperature there are either one or three values of v. This is seen 
at once ‘from an inspection of Fig. 18 on p. 216. Thus above 32°5°, 
in general, for one value of p there is only one value of v. For lower 
temperatures, as at 13:1°, for example, in general the case is similar, 
and it is only in the interval from p, to p, that there may be three. 
values of v for one of p. 

The critical point k sought is that where the three real roots 
become equal to each other, i.¢c. if 4) denotes the critical volume, it 
must follow that 


or solved for v: 


X =X, = X3= fp; 
and it follows also that 


RG . ab 
(v—¢)2=v8- {b+ oly 4 Sy ie 
\ ™) ay TT) 
In this equation 7, denotes the, critical pressure, and 6, the critical 
temperature. And since the coefficients of the different powers of v 
must be equal, we obtain the following equations :— 


Py = a 


\ 
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These, when simplified, give 

a 8 a 
| $o-8b3 to= orp) 957 BR 
Thus the constants a and b in the equation given above determine the 
critical volume ¢o, the critical pressure 7,, and the critical temperature 
@,, and in this way are found the co-ordinates and the point k of the 
curve tracing, and also the particular isotherm in which k falls. 

The critical temperature of carbon dioxide was calculated from the 
values for “a” and “b,” assumed above, to be 273° + 32°5°; while 

Andrews, by direct observation, found 273°+30°9°. The critical 
pressure was calculated to be 61 atm., while Andrews found 70 atm. 
by observation ; and the theoretical critical volume was 0°0069, while 

~ Andrews observed 0:0066.! 

Of course conversely, “a” and “b” can be calculated from the 
critical data, a fact of great importance in practical work. Thus the 
fact that the critical data can be calculated so approximately by 
the deviations of gases from Boyle’s law, harmonises with the remark- 
able fruitfulness of van der Waals’ theory, as already mentioned. 


» 


‘ from the critical data, there 


is obtained this simple result, viz. that at their respective boiling-points 

and at atmospheric pressure the molecules of the most various liquids, 
such as water, ether, carbon disulphide, benzene, chlor-ethane, ethyl acetate, 
sulphur dioxide, etc., occupy a space very nearly 0°3 times the total apparent 
volume. (See Chapter V., Molecular Volumes.) 

Finally, let us calculate the superficial molecular tension K, which 
resists the expansive force resulting from the heat motion of the 
molecules ; and from the preceding, we have 

K=5. 


Vv 


By calculating the molecular volume 


Liquid carbon dioxide at 21°5° takes up about 0:003 of the volume 
“oceupied by the substance as a gas at 0° under atmospheric pressure. 
From this K is calculated to be 970 atm., and this value indicates the 
enormous forces of pressure which are met here. These pressure 
forces have thus far eluded a direct determination. 


The Reduced Equation of Condition.—The combination of the 
general equation of condition, viz.— 


mee Guye and Friedrich give a valuable collection of numerical data on critical pressures 
and temperatures (Arch. sci. phys. nat. 9. 505 (1900); reference in Zettschr. phys. 
chem. 37. 380, 1901). 


ea? 


y 
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' (p +2) —b)=RT, 


with relations derived as above, between the critical data of a substance 
on the one hand, and the constants ‘‘a” and “b” on the other hand, 
has led to a very simple result. By introducing into the equation of 
condition the following values derived on p. 219, vizi— 


then instead of the constants a, b, and R, there appear the critical data, 


thus 
Broby? bn \ oe 
(p mee Jy ?) = 37 0Pog 


0 


By dividing the left and right side of the equation by cite we 


p a8 es) T 
ee v2 (35 : Pas 


Now if we make, as follows :— 


obtain 


we obtain 


That 1s, by expressing the pressure, volume, and temperature respectively 
in fractions of the critical pressure, volume, and temperature, the equation of 
condition assumes the same form for all substances. 

If one plots the values of + and ¢ for a definite value of 6 in a 
system of co-ordinates, where the abscisse represent values of ¢, and 
the ordinates values of z, isotherms are obtained similar in form to 
those plotted in Fig. 18 (p. 216), and which will hold good for all 
substances. Thus, for example, for 6=1, when z=1 and ¢=1, this 
isotherm passes through the critical point. 

The pressure divided by the critical pressure we will call the 
reduced pressure, in accordance with van der Waals; and also the 
respective quotients of the pos by the critical volume, and of the 
temperature by the critical tempzrature, we will call the reduced volume 
and the reduced temperature. Such reduced pressures, volumes, and 
temperatures, when identical are better called corresponding for short, 
and we may speak of two substances whose pressures, volumes, and 


: 
\ 


CHAR. II THE KINETIC THEORY OF THE MOLECULE 221 


temperatures “correspond ” in the sense of what precedes, as being in 


| a corresponding state. 


It isnot at all easy to form a conception of the boldness of this 


equation, which claims to express the general behaviour of all homo- ¥ 
geneous liquid and gaseous substances, as regards their changes in 


pressure, temperature, and volume (excepting of course where these 
changes result in a chemical reaction, such as polymerisation, or 


dissociation). Therefore it will be useful to follow out some applica- 


tion of this equation which will serve at the same time as an illus- 
tration and a proof. 


Application of the Theory of Corresponding States.—If we 
solve the following equation :— 


(«+ 5)(36-1)=84 


p= f(z, 6), 


for ¢, we shall obtain 


in which the function f is the same for all substances. By raising the 


temperature from 0, to @,, the expansion produced at constant pressure 


a will amount to 
by — $, = f(a, O,) — f(x, 6,). 
Dividing both sides of the equation by 


: $, = 1a, 91); 
and observing that 
Vv 
co - by 
we obtain 
¥,—¥;_ f(x, 9,) — f(z, 6,) 
Vy f(r, 0,) 


Here y, and y, denote the specific volumes of the fluid according 
to the ordinary standards, and therefore the fractional expansion, 
experienced by the substance on raising the temperature, is equal to 
the quotient given, viz.— 
Vol 
ug 


The right side of the equation is independent of the special nature of 


the substance, and therefore the left must be so also; 1.¢. the fractional 
expansion, experienced by the most diverse liquids or gases, will be the same 


when they are heated, at a constant corresponding pressure, from one corre- 


sponding temperature to another. 
By means of this relation we can calculate the specific volume of 
any selected liquid at all)temperatures, if its critical temperature, and 


_also if its specific volume at some one temperature are known, inas- 


¥ 
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much as we can compare it with any other liquid which is already 
‘well investigated. Such a liquid, for example, is fluor-benzene, the 


specific volumes of which have been measured up to its critical point ~ 


(6 = 560°). 
Thus the specific volume of ethyl ether at 10° above the freezing- 
point of ice is 13794; suppose that we wish to calculate its value 


at 33°8°. For this purpose we calculate the two absolute tempera-_ 


tures, expressed in fractions of the critical temperature (467°4°) : 
273 +10 


0, = AGToL = 06055, 
and 
273 + 33°8° 


The specific volumes of fluor-benzene at the temperatures 6, and 6,, 
i.¢. at the absolute temperatures 

T, = 560 0, =339°1, 
and 

T, =060: 0,=361-6, 


are 1:0339 and 1:0741 (p. 227), in absolute units; the relative © 


increase in volume of fluor-benzene, in consequence of a rise in 
temperature from 339°1° to 367°6° (abs.), amounts therefore to 


1:0741 — 1:0339 
1:0339 


Now this is the required increase of the volume of ether, and 
therefore its specific volume at 33°8° amounts to 


1°3794 x 1:0389 = 1°4331, 


which is very close to the value as determined by experiment, 1°4351. 


= 0°0389. 


All the preceding specific volumes are measured at atmospheric 


pressure, which, strictly speaking, does not give the same reduced or 
corresponding pressure ; since the critical pressure of fluor-benzene is 
about 20 per cent greater than that of ether, then in the calculation 
the specific volume of the former should be measured at 1:2 
atmospheric pressure ; but this is insignificant in view of the very 
slight compressibility of liquids. In general, in this sort of calculation 
of liquid volumes, the atmospheric pressure can be regarded as one which is 
corresponding for all liquids. 

In a precisely similar way we derive the result that the percentage 
diminution of volume experienced by the most diverse substances, 
whether liquid or gaseous, is the same when one corresponding pressure 
is raised to another, the corresponding temperature remaining constant. 

The coefficient of compression (7.c. the diminution of volume of one 


cc. resulting from raising the external pressure one atmosphere) for — 


‘(Pa ox 
ie 
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ether amounts to 0°00011 at 0°. Now, according to the preceding 
| law, the coefficient of compression for all liquids, at corresponding tem- 
| peratures, must be inversely proportional to the critical pressure. 
| Thus, the compression coefficient for chloroform, for instance, is 
calculated to be 

: 36 i 

0:00011-—— = 0:000072, 

| 55 and 36 atm. being the critical pressure for chloroform and for ether 
) respectively. This refers to the value of chloroform at a temperature 
| of about 40°, corresponding with that of ether at a temperature of 0°, 
| since the absolute critical temperature of ether, increased by about 
one-seventh of its amount, gives that of chloroform. Observations at 
| this temperature gave about 0:000076. 


Amagat has given (C.R. 123. 30, 83, 1896) a particularly clear test of 
| the law of corresponding states. If isothermals of two substances are drawn 
| in such a way as to take for units of volume and pressure the critical values, 
| the two series of curves must fit, 7.2. in combination they must look as if 
| they belonged to one substance : no two such reduced isothermals can cut, 
however close they may le. Without knowing the critical values, this can 
be tested by drawing the isothermals in the usual manner (not reduced) and 
| seeing if it is possible to alter the scale so as to bring the isothermals to 
form a series without intersection. Amagat accomplished the change of scale 
by projecting one diagram on the other with (nearly) parallel light; the 
diagram to be projected was at the same time turned round one or other 
axis in order to alter the relative proportions of ordinates and abscissee ; by 
| a combination of the two changes, any derived change of scale could be 
| arrived at. 

C. Raveau (J. de phys. [3], 6. 482, 1897) reached the same object by an 
|| even simpler and more ingenious means. He plotted the logarithms of the 
volumes and pressures as co-ordinates; now the unit of pressure or volume 
can be altered by merely adding a constant quantity to the logarithm ; it 
must therefore be possible to make the two diagrams fit by merely displacing 
one relatively to the other. 

Amagat and Raveau both find a remarkably close fit between the 
diagrams of various substances [C,H,, CO,, (C,H,),0, air], %e a striking 
confirmation of the theory of corresponding states. 

To test further how far the special form of the function f (7, ¢, 6)=0, 
given by van der Waals, is applicable; Raveau drew a diagram of iso- 
| thermals, using the logarithms of p and v from that equation. It appeared 
that this diagram would not fit those for carbon dioxide and acetylene with- 
out intersections extending to somewhat widely separated isothermals. 
This shows—in harmony with the preceding—that van der Waals’ formula 
_ is only an approximation to the truth; it naturally deviates more from the 
truth the smaller v, and consequently the greater the correction terms 


Wee Ye ey 
It was remarked by Meslin (O.R. 116. 135, 1893) that the theorem of 


¥ a ‘ = 
fe we ] 
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corresponding states must be true for any characteristic equation that con- 
tains only as many constants as there are determining quantities (7.e, three. 
volume temperature and pressure), and which includes the critical point 
For it is always possible to put the equation with three constants, a, b, R, 
f(p, v, T, a, b, R)= 0 

into the form 

f(p, v, T, To) Po; 6) = 0, : 
as was done with van der Waals’ equation on p. 221. 

Since this equation must hold independently of the units adopted, anc 
on the other hand it is not possible, without a fresh condition, to expres: 
one of the three determining quantities in terms of the other two, it follow: 
that the equation must have the form 


jy ey ; 
(> Fano 


hence the equation can contain nothing characteristic of the particulai 
substance considered except the critical constants, 7.e can only contaix 
numerical constants. For the conditions that such an equation must satisfy 
see Brillouin (J. de phys. [3], 2. 113, 1893). 


The Coexistence of Liquid and Vapour.—As has been re. 
peatedly emphasised, both the original and the reduced equations of 
condition apply only to homogeneous substances, whether liquid o1 
gaseous. They cease to hold true as soon as there occurs a partial 
evaporation or, partial condensation of the liquid in question, and, 
therefore, the equation has nothing to say regarding the substance as 
soon as it has lost its homogeneity through evaporation or condensa- 
tion ; such magnitudes as vapour pressure, boiling-point, volume of 
the saturated vapour, or of the liquid, lie beyond the region of its 
applicability. 

If we consider an isotherm, such, for instance, as that plotted by 
van der Waals’ equation for 13°1° in Fig. 18 (p. 216), we shall seek in 
vain for any marked point which indicates the beginning of lique- 
faction; but we know this much from what precedes, viz. that for a 
vapour pressure p, there correspond three points of the curve, viz. 
a, y, and «. But, nevertheless, a simple thermodynamic law gives us 
the position of the straight line a-c. Thus we can imagine a gas 
mass to be carried from a to e by the path a-G-y-d-e, and back again 
by the straight path ea to the original point. The sum of the work 
performed by the system and upon the system in this reversible and 
isothermal cyclic process must be equal to zero (p. 19). But since 
the former refers to the area bounded by a--y and the straight line 
a-y, and the latter to the area bounded by y-6- and the straight line 
y-¢, then these two areas must be equal to each other, and the line a-e must 
be chosen so as to satisfy this condition (Maxwell, 1875; Clausius, 1880). 
To be sure, we cannot regard this as a strict proof, since it is 
impossible to realise the cyclic process, but, nevertheless, the law 


ee a = ies a 
ai ¢ e.. é 
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appears very probable from this consideration. It should be again 
emphasised here that there has entered into the problem a purely 
thermodynamic element which is foreign to what was originally a 
purely kinetic theory. 
The equality of the area embraced within the three straight lines 
4Vq; VoVp» Vo<, and the curve a-Q-y-é-<, with the area embraced within 
the same three lines and the straight line a-e, gives the following new 
relation, which is independent of the nature of the substance, viz.— 


F(z, 6, py) yy) 7 0, 
in which 7 denotes the reduced vapour pressure, @ the reduced boil- 
ing-point, and ¢, and ¢, the reduced volumes of the liquid and the 
saturated vapour. This equation also, like that developed on p. 220, 
expresses a natural law of unusually wide application, since it requires 
that the nature of the function F(z, 6, ¢,, $)) shall be the same for all 
substances. 

Although we can make no use of its special nature, we will briefly 
show this function because of its universal importance. The equality 
of the two areas just described requires that 

Vo 
[pav = Po(Vo — Yo), 
2 Vo! 
or, by substituting in accordance with the equation of condition, 
as Vai cd See he 
} p* (v—b) v® 
_ we have, on integrating, 
—b a ; 
RT Ine Si, + =e Vo = Po Vo — Vo 3 

By dividing both sides by zr #), and by substituting the values of 
“a” and “b” (p. 220) by the critical data, and introducing the 
‘ qediseed pressure, volume, and temperature, the preceding equation 


3 seis 
(= 1m eae = py = 0 In rea 


Yo 2.0 ond 6= “ 
nA a, 
id denote respectively the corresponding values of the reduced con- 


P 
ma, $1 = 
a) 


Moreover, apart from establishing the equation, 
. ah Hay Of 0), po) = 0 : : : (1) 


universal equation of condition (p. 220) when applied to the case 
%; Q 


. 
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of a saturated vapour, and again to a vapour in equilibrium with a 
liquid, gives the two following new relations, viz.— 


(«+ 7)86,-1)=84 . See. 


(7+ F5)(Bhe-1)=88 2 oyna 8) 


By eliminating + and ¢, from equations (1) and (3), then 7 and 
$,, and finally ¢, and ¢,, we obtain the three following equations, 


Spe 
py > £,(9), 
a) = £,(0), 
ax =1,(0), 


in which again the three functions £,(0), £,(0), and £,(0@), are independent 
of the nature of the substance in question. 

If we estimate the temperature in fractions of the critical tempera- 
ture, then the specific volumes of the saturated vapours of all sub- 
stances form a constant temperature function, provided that we estimate 
the volumes in fractions of the critical volumes, and that this holds 
good for both the volumes of liquids, and also for their vapour 
pressures. 

We may formulate this law thus: at equally reduced botling-points, 
the respective quotients, of the specific volume of the saturated vapour by the 
critical volume, of the specific volume of the liquid by the critical volume, and 
of the vapour pressure by the critical pressure, are identical for all substances. 

Of course, according to this law, the reduced. specific volumes of 
the vapour and liquid of the most diverse substances must be the 
same when they are compared with each other at equal fractions of the critical 
pressure. 


The Demonstration by Young.—These laws have been subjected 
to a thorough test by S. Young! Unfortunately, space does not 
permit us to give completely the material brought together in his 
work, which is an example of a problem subjected to complete theo- 
retical and experimental treatment, and deserves the more attention 
because it has a fundamental and universal significance, as is illustrated 
by few problems in the whole extent of physics or chemistry. 

The method proposed by Young consisted in the comparison of the 
specific volumes of different substances in the liquid state and the state 
of saturated vapour, as well as in the comparison of their vapour 
pressures, with the corresponding values afforded by a suitable 
“normal” substance in the “corresponding states.” Fluor-benzene 
may be recommended as an example which has been very well 
studied. Below are given its complete data as an important basis for 
future calculations :— 

1 Phil. Mag. [5], 83. 153 (1892). 
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FLuor-BEenzENE 


Mol. Wt. = 95:8. 
| | 
2 | ay | Obs. vapour density 
Bk Pp Myo | Myo Calusa cans 
- | | 
| 
272-27 20 = 91°47 
289°3 50 93-20 

' . 303°9 100 ae 94-92 i | 
AS 320-25 200 Eh 96°80 We | 
; 338°75 400 us, 99°05 | 
358°1 760 ys 101759 | ae | 
367°3 1,000 22,000 102°90 | 1-037 
+ 382-0 1,500 15,000 10510 | 1056 
393-25 2,000 11,400 107-00 1-073 
41074 3,000 7,680 110:03 | 1107 

423°8 4,000 5,785 | -112°64 1138 

434-85 5,000 4,634 114-98 17166 

: 444-25 6,000 3,857 117-06 1193 
= 452°8 7,000 3,298 119°14 1-217 
e. 460°4 8,000 2,871 121-19 1-247 ) 

| a 473°6 10,000 2,265 125-04 1:300 
| 484-95 12,000 1,862 128'80 | 1°349 

499-7 15,000 1,447 134-64 1-431 

a 519-7 20,000 1,009 145-08 | 1-600 
a: 536-0 25,000 733 | 158-40 | 1818 
544-5 28,000 601 | 169°35 | 2-011 
550-0 30,000 516 | 179-40 | 2°206 
555-0 32,000 440 i yt93s0" =| 2-450 

55955 | 33,912 | 270°4 | 270-4 | 3°79 

| 


_ The vapour pressure p is expressed in millimetres, the molecular 
volumes of the saturated vapour Mv, and of the liquid Mv,’ in cc. 
The critical data of the substances investigated, measured partly by 
Young alone, and partly bogetlter with Ramsay, are given in ue 
following table : 1— 


CriticaL Data 


| ) 
Substance. Formula. Mol. wt. 60 ™ | $0 
| | 
| Fluor-benzene . : C,H;F | 95°8 559°55 33,912 2822 
| Chlor-benzene . =) ENE PS 633°00 | 33,912 | 2°73 
|Brom-benzene. .| O,H,Br  156°6 67000 | 33,912 | 2-059 
lodo-benzene :) ae C,H;1 / 2038°4 721°00 33,912 1713 
Benzene . A a Gp, | 77°84 561°50 | 36,395 3°293 
arbon tetrachloride GOk ets 4.5) 556°15 | 34,180 1799 
nic chloride .| ,. SnCl, | 259°3 591:70 | 28,080 | 1°347 
fier’. °. (C,H,)20 | ~73°84 467 °40 27,060 | 3°801 
Meth 1 aleohol CH,OH | 31:93 513-00 59,760 3°697 
yl alcohol . 2 0,H,OH 45°90 516°10 47,850 3°636 
sich | CHO 59°87 | 53670 | 38,120 | 3-634 
Posie | CH,CO,H 59°86 | 59460 | 43,400 | 2:846 
- - fay 


1 Phil. Mag. [5], 84. 505 (1892). 
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The critical volumes are not observed directly, but are extra- 
polated by the rule of Cailletet and Mathias ;! according to this, the 
arithmetical mean between the densities of the liquid and of the satu- 
rated vapour diminishes linearly with the temperature. By the extra- 
polation of these mean values to the critical temperature we obtain 
the critical data. 

The table on the following page contains an extract from the 
calculations of Young. The first three horizontal columns contain the 
comparison of the respective substances (given in column I.) with fiuor- 
benzene at the corresponding temperatures, which are given under the 
horizontal column marked 6; the absolute temperatures of fluor-benzene 
are found in the horizontal column marked T; the second column 
(marked II.) contains the molecular volume of the saturated vapour of 
the substance divided by that of fluor-benzene; the third column 
(marked III.) contains the molecular volume of the substance in a 
liquid state divided by that of fluor-benzene; the fourth column 
(marked IV.) gives the vapour pressure of the substance divided by 
that of fluor-benzene ; the sixth column (marked VI.) contains the 
boiling-points of the substance at the reduced pressure w, divided by 
that of fluor-benzene, referred to the same reduced pressure, while 
under p are given the actual vapour pressures of fluor-benzene. 


1 O,R. 102. 1202 (1886). 
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Thus, for example, the molecular volume of the saturated vapour 
of alcohol at the absolute temperature T (= 338°75), is 45700 cc., 
therefore, since the critical ene of alcohol is 516°1, the reduced 
temperature is 


the corresponding temperature of fluor-benzene amounts to 
T = 559°55 x 9'= 367'3". 


In the table on p. 227 the molecular volume of the saturated vapour 
of fluor-benzene at this temperature is found to be 22,000 and thus 
the quotient is 

45,700 
22,000 > 2-076 ; 
and this last number, as a matter of fact, is found in column II. (p. 
229) under C,H,OH, corresponding to the value 0 = 0°656. 

It appears from a study of the preceding table, that the figures for 
the three halogen derivatives of benzene meet the demands of the 
theory as the comparison requires they should at corresponding tempera- 
tures, as shown by the constancy of the figures in the vertical rows ; 
but that the numbers for benzene, carbon tetrachloride, stannic chloride, 
and ether, given in the vertical rows of each particular column, are 
not constant as they should be, but regular deviations can be recognised ; 
and that the deviations are much greater still in the case of acetic acid 
and the three alcohols; and, further, that the requirements of the 
theory are well satisfied only in the case of the molecular volume in the 
liquid state (see column IIT.) 

The comparison of the boiling-points at corresponding pressures, 
again, gives very good results, except in the case of the substances last 
mentioned. 

Moreover, the fact that there is less variation in comparing the 
quotients of the boiling-points at corresponding presswres, than in com- 
paring the quotients of the vapour pressure at corresponding temperatures, 
is easily explained as follows: since the pressures diminish in the ratio 
of 16,000:1, when the reduced temperature 9 sinks from 1 to 0°5°, 
the inexactness of the theory will be rendered more apparent by those 
quotients which are developed from the pressures, than by those 
developed from the temperatures. 

By means of the equations on p. 219, the critical volume do is 
estimated to be 


3 RO 


bo = 5 ee 


Réy 
7) 


if the gaseous laws held up to the critical point it would be 


sch 
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Thus we find that the actual critical vapour density should for every 
substance equal : of the theoretical, 1.c. the density according to 


Avogadro’s law. 

This law holds good to a certain extent, as actually found by 
Young ;! for omitting the alcohols and acetic acid, the critical vapour 
density (obtained from critical volumes given on p. 227) of all the sub- 
stances investigated was the same multiple of the theoretical value ; but 
: 8 , ; 
it was not 3 ( = 2°67), but about 3:8 times as great as the theoretical. 
In general the ratio of the observed to the calculated vapour densities is very 
nearly the same at corresponding pressures (but not quite so exact at corre- 
sponding temperatures). ‘These quotients are calculated for fluor-benzene 
on p. 227. 

Young and Thomas ? have studied, further, the behaviour of a series of 
esters. The reduced temperatures and volumes for these, as well as for the 
substances previously investigated, are given in the following table, for 


_ reduced pressure 0:08846 :— 


Reduced Co-ordinates (p. 225). 
Substance, : ie = 
o $1 po 
Methyl formate . E : ; 0°7348 04007 29°4 
Ethyl formate . ; : 5 0°7385 0°4004 29°6 
Methyl acetate . : : 3 0°7445 0°3992 30°2 
Propyl formate . : : ‘ 0°7430 0°4010 29-4 
Ethyl acetate . E ; 3 0°7504 0°4006 30°3 
Methyl propionate. : ‘ 0°7485 04006 29°6 
Propyl acetate . : : c 0°7541 0°3094 29°75 
Ethyl propionate : 5 < 0°7540 0°3996 30°05 
Methyl butyrate . ; : ; 0°7522 0°4005 29° 
Methylisobutyrate . . ; 0°7502 0°4021 29°2 
Methylalcochol . . . . 0°7734 0°3949 34:2 
Ethyl alcohol .. : é : 0°7794 0°4047 321 
Propyl alcohol . : ; ; 0°7736 04028 311 
Acetic acid . 5 E : L 0°7624 0°4106 25°5 
Ethyl ether é é ; : 0°7371 0°4044 28°2 
Fluorbenzene.. ; : 5 0°7334 0°4067 28°4 
Chlorobenzene . : : ‘ 0°7345 04046 28°65 
‘Bromobenzene . A : : 0°7343 0°4041 28°4 
Iodobenzene de Ne : 0°7337 0°4042 28°45 
Benzene. sets. : : 0°7282 04053 28 °2 
Carbon tetrachloride °. ‘ i On 251 0°4072 27°4 
Tin chloride D ts 6 : 0°7357 0°4021 2871 
| 


Within each group the theorem of corresponding states holds remarkably 


1 Phil. Mag. [5], 34. 507 (1892). 2 Trans. Chem. Soc., 1893, p. 1191. 


2ou) THEORETICAL CHEMISTRY BOOK II 


for the volume of the liquid ¢,, and fairly for the vapour volume ¢,, and 
temperature 0. 


A comparison of the reduced co-ordinates for isopentane with those of | 


benzene turned out quite in accord with the theorem.! 

The special form of the characteristic equation developed on p. 225 for 
coexistence of liquid and vapour does not agree at all with the observations,” 
a further proof that van der Waals’ special equation for matter in a highly 
compressed state is only true qualitatively. 


Volume at Absolute Zero.—From the equation of van der 
Waals 


a 
(p : te ~b)=RT 
we get for the volume at absolute zero the relation 


fo 
“ 


The value of v, can be obtained, after Guldberg,* either by extrapolat- 
ing the volume under constant pressure for the absolute zero, or the 
volume at constant temperature for infinite pressure. D. Berthelot 
calculated the same magnitude by means of Cailletet’s and Mathias’ 
straight line rule (p. 228), by simply producing this line to the 
absolute zero; as at this point the density of the saturated vapour is 
infinitely small, that of the liquid is double the mean value given by 
the above extrapolation. 

The following table contains the molecular volumes of a few 
substances at the critical point and at absolute zero :— 


Vo=b= 


Substance. Md¢o Myo Ratio. 
Oxygen . : ; < : 49°2 20°8 2°37 
Nitrogen . : : ; : 70 25°0 2°80 
Carbon dioxide : ; ; 96 2575 3°77 
Ethyl ether . ; : : 280 71h 3°91 
Benzene . : : ; y 256 70°6 3°63 
Carbon tetrachloride : ; 276 (P22? 3°82 
Propy] acetate. : 5 Aa 345 86°2 4°00 


The critical volume is therefore not always three times the volume at 
absolute zero; the ratio, however, is never very different from the 
theoretical value 3, and for many substances assumes a value in the 
neighbourhood of 4.4 


1 Young, Proc. Phys. Soc. Lond., 1894-95, p. 602. 

2 Riecke, Gott. Nachr., 1894, No. 2; further K. Meyer, Zeitschr. phys. Chem. 32, 
1, 1900. 

3 Zeitschr. phys. Chem. 32. 116 (1900). 

4 See van’t Hoff, Vheoret. Chemie, iii. p. 21 (1903). 
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The Vapour Pressure Curve.—I{ the theorem of corresponding 

_ states held good, the problem of the calculation for vapour pressure 

curves, already touched upon on p. 61, would be capable of a very 

simple solution ; for if we knew the vapour pressure curve of a normal 

substance, we could calculate that of any other substance from a 
knowledge of the critical data. 

If, in a co-ordinate system, reduced temperatures are plotted as 


XD 

bs 1. Hydrogen 6. Fluorbenzene |__| | : 
| 2. Argon 7. Ether ry | | VY |rs| je6 

‘gs | 3 Krypton 8, Water ie = 

+4, Oxygen 9. Propy!l acetate — alos 4 


5. Carbon bi- 10, Ethyl alcoho! \_ | 


| sulphide 
0 


io 


ocr 


| PALS 
ema per aij ata eeati 


Bes 


BEE EEE 


| = 025 05 075 10 125 


Fig. 19. 


_ abscissae and reduced vapour pressures as ordinates, then, according 
to the equation (p. 226) 

7=1, (6), 

an identical curve should result ; the calculations on p. 230 have 


_ already shown that this is not the case. 


If, instead of 0-5 we plot the values of Ce 1) as abscissae, 
0 


io : , 7 ; 3 
and instead of r= P the expression log = as ordinates, we obtain a 
ame ' 7 


\ avery simple picture of the relations under consideration, for then 


ey, ae ics 
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practically straight lines are obtained, as van der Waals himself 
observed! ; or in other words, we get the relation 


log 5° = alr 1) 


where a is a constant within certain limits. Van der Waals held the 
opinion that the value of a should be the same (about 3-0) for all 
normally behaving substances, but experiment has not he this 
view, which must therefore be given up. The diagram * (Fig. 19) 
shows that the inclination of the straight lines is very different for 
different substances; excluding curves 8 and 10, which refer to 
substances (water and alcohol) which are without doubt highly 
polymerised in the liquid state (see the following chapter), it is at 
once obvious that the higher the molecular weight, and the more 
atoms there are in the molecule, the greater are the curves inclined to 
the abscissa axis. In accordance with this rule there is a consider- 
able difference between krypton and argon, so that the law of 
corresponding states is not even obeyed by monatomic substances. 
Substances, like alcohol and water, which are associated in the liquid 


condition, give curves which are relatively more strongly inclined to 
the axis, but which also approximate to straight lines. We can now — 


understand ® that Young's proof (p. 226 ff.) of the theorem of corre- 
sponding states was carried out under much too favourable conditions, 


for he confined himself to substances of much the same molecular ~ 
weight, which at the same time contained a large number of atoms in ~ 


the molecule ; if he had taken for comparison monatomic substances, 


or at any rate such substances as H,, O,, N,, we should have obtained 


quite another picture of the relations in question. 
We can express the above result as follows: the theorem of 


corresponding states is at any rate approximately true when we — 


compare substances with not very different critical temperatures, but 
it does not hold at all when the critical temperatures are widely 
different. It is possible that in the latter case a number of other 
regularities (pp. 229, 232) also fail. 


I have attacked the problem of the caleulation of vapour pressure curves 
in the following way (Gétt. Nachr., 1906, vol. 1). The equation 


r 1 
Po — %o)= RI(1 - Z 


agrees closely with observations made on fluorbenzene up to pressures of 
about 15 atm.; p, vy, Vy; denote respectively vapour pressure, molecular 
volume of saturated vapour, and that of the liquid. Since volume ratios 


1 Kontinuitaz, ete., p. 147. 

2 The values for H,, A, Kr, 03, are taken from M. W. Travers’ Experimental Study 
of Gases. 

3 Nernst, Gott. Nachr., 1906, vol. i. 
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_ at corresponding pressure very nearly agree with those required by the law 
of corresponding states (p. 231) the above equation must hold good generally. 
The equation of Clausius-Clapeyron (p. 58) 


dp / 
A= TSEC vo —Vo ie 


_ where 2 is the molecular heat of vaporisation, becomes therefore 


dInp Pp 
2 
haRPS (1 = 


_ For X, I find the empirical formula 
haa +397 -<79(1- P), 
where ¢ is a specific constant. 4 
Hence 
q Ap + 3ST — eT? = ree, 
_ which becomes when eer yo G 


ia li) ayes 
Inp = aes R nT RT + const. 


The Heat Content of Compressed Gases and of Liquids.— 
_ We -will now finally consider the answer to certain questions regarding 
_ the heat content of gascous-and liquid substances in the light of the 
_ kinetic theory of van der Waals. Disregarding the question of the 
_ amount of work performed against the external pressure, which can 
_ be ascertained in all cases exactly and easily in calorific equivalents, 
heat introduced into gas and Jiquids will increase the kinetic energy of 
_ the molecules on the one hand, and on the other will perform a certain 
7 Jamount of work against the molecular forces, because in consequence 
of the thermal expansion the molecules remove farther apart. But 
_ now, since the molecular forces increase greatly with condensation, 
they will be much greater in liquids than in gases, where they are 
inconsiderable at ordinary condensation ; this explains why the specific 
heat of a liquid is always greater than that of its vapour (p. 58). If 
_a liquid is kept at constant volume during the warming, then, provided 
that the theory of van der Waals is rigorously applicable to it, its 
_ specific heat must be exactly the same as that of its vapour, prov ided, 
of course, that this latter is taken at constant volume. 

; The same conclusion holds good for compressed gases; Mallard 
_ and Le Chatelier (p. 44) found, in fact, that up to pressures of 6000 
_ to 7000 atm. the specific heat at constant volume was independent of 
the volume. 

] The following result also speaks emphatically in favour of the 
_ preceding conclusion. From the equation developed on p. 54, viz.— 


; . Oe a Op 
: Dy. Cor? 
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when 

ae = 0, it follows that p= AT + B, 

ov 
if we denote by A and B two integration constants. As a matter of 
fact, Ramsay and Young? found that the pressure of a liquid or 
gaseous substance, when kept at constant volume, varied linearly with 
the temperature; or, in other words, that the dsochores (i.e, curves 
which are obtained from varying pressure at constant volume) are 
straight lines. 

Moreover, it is possible to derive this last result directly from the 

equation of condition (p. 209), by writing it in the form 


— R a . 
Pe ye bee 
thus we have 
a 


A Seas and B= — 

As was shown (on p. 47), the work performed in compressing an 
ideal gas appears in the interior as heat. This law, like the other gas 
laws, becomes inexact with a high degree of compression, and thus the 
interesting question arises as to how we are to conceive of these de- 
viations in the light of the theory of van der Waals. 

The answer is very simple. On the approach of the molecules 
towards each other by compression, their mutual attraction performs 
a certain amount of work which appears in the form of heat; the con- , 
ditions, therefore, require that a greater amount of heat should appear 
from compression than what corresponds exactly to the work applied. 
The molecular pressure, 


may be regarded as a measure of the force of attraction. The heat 
developed by this force, by compressing the volume from y, to v,, 


amounts to 
vo vo 
[ Kav= | Sav=a e - a 
v? Vie 
Vy vy 


Moreover, the theory affords many explanations regarding the 
heat of evaporation. For, in the first place, it is at once obvious that 
the heat of evaporation must become zero at the critical point, because the 
distinction between a liquid and its saturated vapour ceases at that 
point. Mathias? found experimental proof for this corollary from 


1 Zeitschr. phys. Chem. 1. 483 (1887); 8. 49, 63 (1889.) 
2 Ann. chim. phys. [6], 21, 69 (1890). 
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Se 


measurements conducted with carbon dioxide and nitrous oxide. This 
necessarily follows from the formula of Clausius 
| d 
- L=T TE (Yo-Yo); 


for at the critical point, 
Vj=Vp, therefore \ = 0. 


i It now becomes possible to go a step farther and calculate the 

| heat of vaporisation from the molecular forces.'' If a gas is condensed, 
without performance of external work, the molecular forces perform 
the work calculated above, which must reappear in the form of heat ; 
by calculating the latter for 1 mol (according to p. 57),-we obtain 


A= P(¥p— Vo) = (oe a4 ; . ‘ (1) 


Vo Vo 


By comparison with the equation deduced on p. 225, 


: eee We Gs ; 
| RT In re + Nee PO = Vas : (2) 
| we get 

| aK 

i X=RT a ; ‘ (3) 
| From the critical data (according to 7% 220), 

| 27 R26,2 

lf * 64 ore 


| now on considering the heat of evaporation at the boiling- point, it 
follows that vy must be very large compared with v,, and therefore 


3 similarly — — as compared with —; and we thus find as the value of 
. Vo 
the saree heat of evaporation 


29.2 
aS 
Vv 
For benzene we have 
@,= 561°; «,=42 atm. ; 
0096 hity = T = 273.4. 80: 
now by writing R= 0-0821, we obtain 2 in litre-atm. (p. 48): then 
| _ by reducing to g.-cal., by dividing by 24°19 we obtain A= 5400 
} 


| instead of 7200 g.-cal. The theoretical value is therefore only very 
approximately correct ; but it is not without interest to know that 
it is possible to calculate roughly the heat of evaporation so easily 
from the critical data; and also that the formula is in harmony with 
experiment in showing a gradual diminution [for the value of A], till 
the critical point is reached, when A becomes zero. 


1 Bakker, Zeitschr. phys. Chem. 18, 519 (1895). 
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Similarly is found for 


Ether A=4600 instead of 6640 at the boiling-point. 
Carbon tetrachloride \=5250 a 7100 Hi 3 

Tin tetrachloride A= 6270 hie 7900 a Ns 
Ethyl alcohol \=5640 a 10500 at 0°. 

Ethyl acetate A=5500 o 9000 


In all cases experiment gives a higher value than the theory. 

Equation -(3) is obtained by combination of (2) derived entirely from 
the kinetic theory with (1), which is purely thermodynamic ; it can also be 
deduced kinetically as Kammerlingh Onnes showed (Verh. d. Ak. Wiss., 
Amsterdam, 1881; Arch. Néerl. 30. 101 (1897); see also W. Voigt, Gétt. 
Nachr., 1897, Heft 3). This problem, obviously associated with that of the 
kinetic explanation of the second law of thermodynamics, is fully treated by 
Boltzmann (Gas Theory, 11. p. 167 ff). 

If the molecules are considered as points of mass, and hence the change 
of internal energy associated with the condensation of a vapour is taken as 
equivalent to the work performed by the molecular attraction, we have 


Vo T9 


= aN A 1 1 
| Kdvy =| ont = ae eS is = 


Vy YT] 


where r, and r, denote the average distance between the molecules in the 
liquid and gaseous states, and their mutual attraction is inversely propor- 
tional to the n*" power of the distance apart. Now, as specific volume is 
proportional to the cube of this average distance, equation (1) would be 
satisfied if n—1=3 or n=4, and this, as J. W. Mellor (Phil. Mag. [6], 3. 
423, 1902), showed, would be in agreement with Sutherland’s laws. 

If we accept the view of J. EH. Mills (Jowr. Phys. Chem. 6. 209, 1902, 
and 8, 383 and 593, 1904) that the force, like ordinary gravitation, is 
inversely proportional to the square of the distance apart, it follows that 

V2 
| Kdv=X—p (vp w= (a5 = a) 
or OAD 


The author finds, in fact, that the factor A is constant for any given sub- © 
stance within wide ranges of temperature, provided that the substance 
behaves normally, @.e. does not polymerise in the liquid condition like water 
and alcohol, for example. But the above equation, as well as equation (1), 
is probably only a first approximation. 


Vii 


Joule-Thomson Effect.—Joule and Thomson (1854) made use 
of an ingenious apparatus to investigate the heat effect on expansion 
of non-ideal gases. The gases were driven through a tube which con- 
tained a closely fitting wad of cotton wool or some similar substance. 
The velocity of streaming through the narrow pores of the wad 
was so small that the kinetic energy of the movement could be 
neglected. If T,, p,, v,, denote temperature, pressure, and molecular 
volume of the gas on entering the wad, and T,, p,, v,, the same magni- 


in| 
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| tudes on leaving the wad, the energy conveyed to the gas in the form 
of external work is 


| 


P11 — PoVo- 


“In order to arrive at the change of internal energy accompanying the 


| process, we must first imagine the gas to emerge at constant aa 


ture T, and with the volume v,, whereby internal work eee 


a 

ae 
‘is performed, and then the temperature to sink from T', to T whereby 
an amount of heat C, (T,-—T,) is given up. Hence, since the total 
amount of energy must be the same, 


Pi 1 Piva 5-7 Os al eu LO ; (1) 


EwWriting van der Waals’ equation in the form 


| 


v1 + az5)r(1-7) = RE 


“we observe that in the case of a gas which behaves nearly ideally 

a 
vp 
only concerned with small corrections, we can introduce the simple gas 


b 

and — must be small compared to unity. ‘As in any case we are 
v 

\ 


| equation without perceptible error and write 


pre ee 
foe) Gy 
(RT)? RT 


_ which, neglecting infinitesimals, becomes 


pr=RT [1+0(gy- eps) | ni Ree ne Yes 


If we introduce this into (1), remembering that T, — T, is very small 


- compared to T,, we a 


G, (I = T,) = R(T, - T,) + (jer -b) (PP 


or finally, . 
Co= Cy +k, 


5 (which is, of course, only approximately correct for non-ideal gases), 


ne ee eee 
Ny eis 


Op (T)- 7.) = (yr ~b) (Pr- Pe) 


: This equation was shown by van der Waals to agree very well with 
the measurements of Joule and Thomson. 


- Asarule 
hia 


so that cooling results, but with hydrogen the reverse is the case (see 


7 
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also p. 211), and Joule and Thomson found correspondingly that the | 
expansion of this gas was accompanied by a warming effect. Under 
—80° the above inequality holds good also for hydrogen. 


The Linde apparatus for the liquéfaction of air depends on the Joule- 


Thomson effect (1898), The previously cooled gas, compressed to 200 atmo- |} 


spheres, is allowed to expand without performance of external work; the — 


cooler gas thus obtained sweeps back over the oncoming gas, and further |} 


cools the latter. In this way the temperature becomes lower and lower till 


the boiling-point of the air under the pressure used is reached. Hydrogen |) 
could not be liquefied under ordinary conditions in such an apparatus, as the | 
gas would be continually warmed instead of cooled. But if the original |) 


temperature of the gas is lower than -80", it can be liquefied, as Dewar, 
Ramsay, Olszewski, and others have shown. 


Critique of the Results.—-By means of the numerical material | | 
given above, it is shown that the theorems of van der Waals are 
not strictly proved by experiment, but that, although they explain 


qualitatively the behaviour of liquid and gaseous substances, there |) 


are certain undoubted deviations between theory and fact. 


Now the question arises whether these deviations are of such a _ |} 
sort that the whole theory must be given up, or is it possible to) 
account for them by some change in developing the theory. The ||) 
verdict cannot be doubted for a moment ; for the results of the theory |) 


are so undeniable, and the region of the phenomena which it claims to 
control is so extensive, that it would be a very profitable problem to 
follow up these deviations, and to prove carefully what is necessary, — 
i.e. whether a re-shaping or an extension of the theory is required. — 
The study of the changes which must be made in the gas laws in © 


order to adapt them better to the facts, was what led van der Waals © | 


to his wonderful discoveries. Is it not probable that the desire to 


invest the laws of van der Waals with yet greater accuracy would be ~ i 


rewarded with surprising and unexpected results ? 


The results so far arrived at with regard to yan der Waals’ theory may F | 
be summarised as follows: the equation 


(p + Sew —b)=RT 


only holds exactly for not too strongly compressed gases; it quite fails near 
the critical point. The theory of corresponding states, which does not 


depend upon the special form of the above equation, is of wide applicability ; | | 
in especial it allows of calculating accurately the volume, thermal expansion, |} 


and compressibility of liquids. The assumption that the deviations are due |} 
to polymerisation in the liquid state is shown to be improbable by the ~ 

considerations on page 234. It will perhaps be possible to characterise the 
behaviour of a substance by the introduction of a few specific constants — 
beside the critical data; at any rate this possibility should be thoroughly — 
tested, now that the theorem of corresponding states (determination of the — 
behaviour of a substance simply from the critical data) has been shown 


| aaa mS ¥ 

| ; 
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untrue ; cf. the paper (p. 232) by Kirstine Meyer, who introduced two new 

| specific constants, An excellent monograph on the above questions has been 

| written by J. P. Kuenen, Die Zustandsgleichung, Braunschweig, 1907. 


The Kinetic Theory of the Solid State of Aggregation.— 
| The attempt to penetrate into the nature of the constitution of solid 
| substances by means of molecular considerations has as yet only 
| begun. The assumption, that the kinetic energy of the translatory 
motion is proportional to the absolute temperature, and independent 
of the nature of the molecule, may possibly be introduced here, as 
was the case with gases and liquids; but it is very probable that the 
| heat motion of the molecules of solid substances consists of an oscil- 
lation within very sharply-defined limits, in which they are restrained 
_by the forces of cohesion, and that no single molecule can continue to 
change its place as is the case with gases and liquids. In fact, the 
_ peculiarities of the solid state become intelligible in this way. 
Thus heat introduced becomes effective in the following ways :— 
1. It will increase the kinetic energy of the molecule, or of the 

atoms within the molecule. 
2. In consequence of 1, it will alter the potential energy of the 
_ molecules towards each other. 
' + 3. It will perform work against the forces of cohesion. 
4. It will perform work against the external pressure. 
7 On account of the slight change of volume occasioned by heating 
‘solid bodies, in general the fourth change in energy is negligible ; 
| | aie under 3 is also small, as is shown by calculation according to 


| 


For monatomic bodies it is possible to show under certain 
| conditions that (1) and (2) are equal in magnitude. For if we 
consider the case when the atoms rotate in circles ‘round their positions 
| of equilibrium, and assume that the force attracting the atom towards 
its centre of equilibrium is proportional to its distance from it, the 
| centrifugal force must equalise the force of attraction, 7.¢. 


any lay 
r 
| (m = mass, u = velocity, r=radius of circle, A = proportional factor of 


the attractive force). If the atom, supposed at rest, fell back towards 
its centre of equilibrium, it would aye there with the kinetic energy 


ix 
i 


from these equations it follows that 
m 
Be? at 
het 
' 1 See especially Griineisen, Ann. d. Phys. [4], 26. 393 (1908). 
R 


7 es 


ww 
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i.e, that kinetic and potential energies are equal. Now as, according 
sae eo s 
to p. 200, the kinetic energy of an atom is re 2°98, the atomic 


heat of a monatomic solid body must be 
C, =2 « 2°98 = 5:96. 


According to Boltzmann ! this relation holds good generally, whatever — 
the motion of the atom round its equilibrium position, and thus we — 
not only arrive at the result that the atomic heats of monatomic solid 


bodies must be constant, but also obtain a number agreeing with the 


rule of Dulong and Petit. But as long as we are not in a position to — 


give quantitative expression to the many and considerable deviations 
(p. 170) from this rule, the admissibility of the above considerations 


must be considered doubtful. In view of the rapid decrease of © 


specific heats at very Jow temperatures, it seems to me particularly 
doubtful whether the molecules can possess in the solid state the 
same kinetic energy as in the gaseous state. 

If we follow up the above considerations, and make a few special 
assumptions on the nature of the forces existing between the atoms, 


we arrive at some interesting conclusions,” which can be subjected to — 


experimental proof, and have, as a matter of fact, been confirmed to a 
certain extent in the cases already investigated. As examples we 
may mention the following laws :— ? 


1. The product of potential coefficient and atomic volume of — 


monatomic bodies is a linear function of the atomic heats. 


2. The potential coefficient of monatomic solid and liquid — 


substances is a certain multiple of the number of atoms in unit 
volume. 

3. All monatomic solid and liquid substances are raised in 
temperature to the same extent by the same adiabatic compression. 


Finally, Limmel’s* empirical modification of Dulong and Petit’s — 
law is worthy of mention. The atomic heats of elements are practi- ~ 
cally constant at corresponding temperatures, where by the latter is — 
meant temperatures which are equal fractions of the temperature at ~ 
the melting-point of the body in question. For example, the atomic — 
. heats in the neighbourhood of the melting-point all approximate to © 


the value 9. 


The process of crystallisation is especially noteworthy from the © 
point of view of molecular theory. We have to imagine that to form | 
a crystal (¢.g. in an undercooled fused mass or a supersaturated solution) | 
a considerable number of molecules have to meet in one spot, and in © 
an appropriate constellation ; most probably the smallest crystalline | 
individual capable of existence consists of very many molecules. Thus — 
the probability of formation of crystals may be very small; experience — 


1 Wiener Sitzwngsber. 68. 2. Abt. p. 731 (1871). 
2 Mie, Ann. d. Phys. [4], 11. 657 (1903). Griineisen, J.c. 
3 Griineisen, /.c. 4 Ann. d. Phys. [4], 16. 551 (1905). 


nn er 
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| shows, in fact, that it may take a very long time before crystals appear 
| In an undercooled fused mass, and that crystalline precipitates possess 
a number of centres of crystallisation (nuclei) that is excessively small 
compared with the number of molecules concerned. 

The circumstance that discrete centres of crystallisation can arise 
in apparently homogeneous melts or solutions is a striking instance of 
| the appropriateness of the molecular theory ; for this alone makes it 
intelligible that even in the interior of an apparently homogeneous 
| fluid, local differences should occur due to special constellations of 
molecular movements, and that these should be very sparsely scattered 
in comparison with molecular distances. 

According to G. Tammann (Zertschr. phys. Chem. 25. 441, 1898) the 
points at which crystallisation begins in a melt are hardly 1000 per minute 
| per cubic millimetre under the most favourable circumstances. With increase 
| of undercooling the number of these nuclei at first increases, then diminishes, 


to practically zero. 
The molecular explanation of this remarkable fact seems to me this. 


/'The greater the undercooling, the smaller the smallest possible crystalline 
individual must be, and so the greater the probability of the molecular 
constellation required to form it. But, on the other hand, the molecular 
imovements fall off in vigour with fall of temperature, so that the occurrence 
of any particular constellation is rendered more difficult, and at the 
‘absolute zero, impossible. These two factors in combination world give the 
‘results observed by Tammann. See especially Kiister (Zeitschr. anorg. Chem. 
33. 363 (1903). 


The Kinetic Theory of Mixtures.—In all our theoretical con- 
‘siderations regarding molecules thus far, we have always had in mind 
a substance which should be simple from a chemical standpoint, 1.€. one 
‘consisting of nothing but molecules of one kind. The question now 
‘arises, how the preceding considerations will be modified when we 
study a mixture. 

And here we must distinguish between two cases, viz. the different 
‘kinds of molecules may react chemically upon each other, or they may 
‘behave indifferently towards each another. 

It must be noticed, in the first case, that the condition of chemical 
‘equilibrium prevailing in the mixture will, in general, vary with the 
pressure, volume, and temperature ; such a mixture, for example, is the 
vapour of acetic acid, which consists partly of doubled molecules and 
partly of normal ones, the ratio of which changes with the external 
conditions. We shall consider such mixtures more thoroughly in the 

part devoted to “the doctrine of affinity.” In the following we con- 
sider only mixtures which consist of molecules which are chemically 
indifferent. 
Now, the van der Waals’ equation of condition, 


3 (p+2,)(v-b)=RT, 


ee 3, anh) 
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can, of course, be applied directly to a homogeneous mixture of this 
last sort, whether it be a liquid or a gas. In fact, it is as fully appli- 
cable to strongly-compressed atmospheric air as to a simple gas, only the 
meaning of the constants “a” and *‘b” is somewhat different from that 
which they have in the case of pure substances, and their magnitudes 
also change with the relative proportions of the ingredients in the 
mixture. 


Van der Waals (Zettschr. phys. Chem. 5. 134, 1890) gives the following 
equations to calculate the constants a, and b, of a mixture containing 1 — x 
mols of one component to x of the other. 

a, = a,(1 — x)? + 2a,,x(1 — x) + apx? 
by = b,(1 — x)? + 2b,.x(1 — x) + bpx?. 
Here a, and b, are constants of the first component, a, and b, of the 


second ; a,, is the attraction constant between the two, and b,, the volume 
constant for the combination. Also, for bj», 


J dig=H{ a/b, + /b3} 
holds. 


According to this the properties of a mixture can be deduced from those | 
of its components by the help of one new constant a,, only. 


The treatment of the question regarding the coexistence of liquid | 
and vapour is entirely different in the case of mixtures, since in general, — 
in distinction from simple substances, the composition of the liquid | 
and vapour differ. As shown on p. 225, this question has not yet 
been treated for the case of a simple substance from a pure kinetic 
standpoint. Much less, therefore, would this be the case for mixtures ;_ 
and van der Waals’ quoted work, although entitled Zhe Molecular 
Theory of Bodies consisting of two Different Substances, is emphatically. 
a thermodynamic study, a description of which does not belong to this, 
chapter. It should, however, be observed that, in addition to the 
investigation of the coexistence of liquid and vapour of mixtures, there. 
also arises the question of the coexistence of liquids of different 
composition (mutually saturated solutions).! 


| 
| 
The Kinetic Theory of Solutions.—We learned, in the last. 
chapter of the first book, a fact drawn from experiment, viz. that the 
laws of gases are applicable also to dissolved substances, and that there 
is a very far-reaching analogy between the condition of matter in dilute 
solution and in the gaseous state. Now it is but a step to transfer this 
analogy also to the molecular condition ; and the conception is at once 
suggested that the osmotic pressure of a solution, like gas pressure, has 
a kinetic nature, t.e. that it results from the bombardment of the mole- 
cules of the dissolved substance against the semi-permeable partition. 
1 See the important new work of van Kuenen (especially Zeitschr. phys. Chem. 24. 


667, 1897; 41. 48, 1903) and the second part of v, d. Waals, Kontinwitét, ete. 
(Leipzig, 1900). 
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_ Boltzmann,’ Riecke,? and Lorentz® have made attempts of this sort to 

_ develop the laws of dilute solutions immediately from the play of 

molecular forces and of molecular movements, without having recourse 

_ to the aid of thermodynamics. 

Each of these investigators assumed that the mean kinetic energy of 

_ the translatory motion of the molecules in solution was as great as in the case 

' of the molecules of a gas at the same temperature as the solution. This 

_ assumption appears the more probable, because the theory of van der 
_ Waals has been already applied to liquids with good results. 

{ According to Boltzmann, in the calculation of the osmotic pressure, 

_ one must take into consideration not only the mutually opposed action 

_ between the wall and the molecules bounding against it, as was done 
' in explaining gas pressure, but also the mutual action between the 

» dissolved molecules and those of the solvent. But it is a difficult 

_ problem to state in just what way this occurs, and to make such a 
_ supposition as shall be explanatory and shall harmonise with the facts, 

' and the satisfactory solution of this problem remains for the future. 

_ Boltzmann assumed, on the one hand, the distance between the centres 

_ of two neighbouring salt molecules, to be very great as compared with 

_ the distance between the centres of two neighbouring molecules of the 

’ liquid solvent ; and, on the other hand, the space changed by the 

presence of the molecule of the dissolved salt, to be small in comparison 

' with the total space occupied by the liquid solvent; and in this way 

- he obtained the result that the osmotic pressure exerted by the dissolved 

. _ substance on a semi-permeable membrane is equal to the corresponding gas 

pressure. 

Lorentz assumed that the dissolved substance is subjected to an 

attractive force proceeding from the solvent, which is equal and 

opposite to the force acting upon the quantity of the liquid displaced. 

Riecke proceeds upon the supposition that the number of collisions 

between the molecules of the dissolved substance is infinitesimally 

‘small as compared with the number of collisions between the molecules 

of the solvent. Both these investigators arrived at the same conclusion 

as Boltzmann. 

' _ Boltzmann and Riecke both showed in this way, that the same 
results are obtained for the diffusion of dissolved substances, and of 
electrolytes especially, which I have already developed independently 

_ from the special kinetic conceptions preceding (p. 152). Riecke suc- 

_ ceeded in deriving the mean free path of a dissolved substance from its 

diffusion velocity : the following is the value, in which D denotes the. 

efficient of diffusion (p. 151), and u denotes the mean calculated 
velocity of the molecule (p. He : 


res 3D 


8.64x104.u 


e 1 Zeitschr. phys. Chem. 6. 474 (1890) ; NE ee 
4 ' 2 Ibid. 6. 564. d. 7. 36. 
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In this way he found, for instance, the mean free paths, at e to 
10°, as follows :— 


[ 


Substance. D. Mean Free Path ‘‘L.” 
-8 
Urea. : : : 0°81 0°68 x 10 mm. 
Chloral hydrate : ; 0°55 0°94 as 
Mannite . : : 0°38 O°6 Se are 
Cane sugar ; F : 0°31 0'"7 fenees 


It is somewhat remarkable that the mean free paths so calculated 
are extremely small compared to the dimensions of the molecules 
(cf. Chapter XII. of this book). 

It cannot be denied that kinetic considerations applied to solutions 
by no means lead to the simple results which distinguish their 
application to the behaviour of an ideal gas ; even for single laws, such 
as, for example, the relative lowering of the vapour pressure of the 
solvent (p. 143), no plausible kinetic explanation has yet been found. 


The explanation recently offered by J. H. Poynting (Phil. Mag. 42. 289, 
1896), that the relative lowering of vapour pressure is due to association 
of the dissolved molecules with those of the solvent is an arbitrary ad hoc 
hypothesis. There is no proof that this hypothesis can explain anything 
but the particular fact it was brought forward to explain, eg. electrolytic 
conductivity. The hypothesis of electrolytic dissociation gives deductions 
in harmony with the facts of conduction, whereas the association hypothesis 
contradicts them. 


Finally, I will refer to one more point which seems to have some — 
importance. It was shown in the case of many liquids, for example 
ether, that at room temperature the space actually occupied by the 
molecules is about 0°3ths of the space apparently occupied. If we 
dissolve any substance in ether, then the space at the disposal of 
the oscillating molecules is certainly much smaller than the volume of © 
solution ; therefore it would be expected that this “ volume correction ” 
would exercise as correspondingly great an influence on the osmotic 
pressure as on the pressure of a strongly compressed gas ; and it is in- 
conceivable that it should nevertheless be so nearly equal to the gas 
pressure. Yet a more careful examination shows that this correction — 
may be neglected in the methods hitherto applied for measuring the partial 
pressures of the dissolved substances. The methods thus far used always 
give the osmotic work P, #.e the work required to remove a unit 
volume of the pure solvent from the solution, and this value of the 
pressure (being multiplied by the unit of volume) turns out to be © 
equal to the gas pressure. But if we assume that the pressure of the — 
dissolved substance must be increased on account of .the volume 
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_ correction, in the ratio of 1: 1-8, when @ denotes the diminution of 
_ the space at the disposal of the movement of the dissolved molecules, 
rt then this pressure P will become 
i" P 
T-B? 
_ therefore the osmotic work required to remove unit volume of the 
solvent would be calculated as the product of the pressure and the 
volume, 7.¢. 


P. 
ee 


since the volume through which the pressure is to be forced back is 
_ also diminished in the ratio 1 — 8:1, and for the same reasons. In the 
methods thus far employed for measuring the osmotic pressure, the 
: volume correction is thus wholly neglected. It would be very 
_ interesting to find a method for measuring directly the actual pressure 
. of the dissolved substance, viz. 


. 
1-8 


_ Tammann’s Theory of Concentrated Solutions.—Tammann ! 
has developed a very simple theory of the behaviour of solutions 
towards pressure and temperature. He found, namely, that the 
equation of condition of a solvent under a certain pressure is the same 
‘as that of a solution of a certain concentration. Tamman concludes 
from this result that the solution of a substance brings the solvent 
" under a certain pressure, and hence causes the solution to behave in a 
_ similar manner to the solvent under the corresponding pressure, which 
_ varies with the nature and concentration of the dissolved substance. 
From the standpoint of van der Waals’ theory, it is in fact obvious 


hat a change in internal pressure — could be exactly compensated in 
v 


the term (p+ =) by a change in external pressure, so that the equations 


f condition of solution and solvent become identical. 

As one of the many examples which Tammann has brought for- 
ward in support of his theory, we will choose the expansion by heat 
f water and alcohol- under pressure, and of certain concentrated 
olutions of calcium chloride in ee two solvents. 

In Fig. 20 the three curves, I, 2, 3, refer to water under pressures 
1, 1000, and 3000 atmospheres ; a three dotted curves, I. II. II. 
solutions of 10, 20, and 30 per cent of calcium chloride in water. 
is obvious that.the second group of curves is precisely similar to the 


m 1 On the Relations between Internal Forces and the Properties of Solutions 
Hamburg, 1907). 


~~ 
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first, or that, in other words, to every concentration of calcium chloride | 


in water corresponds, in fact, a pressure under which the expansion of 
water by heat is exactly the same as that of the corresponding solution. 


The curves 4, 5, 6, show the expansion of alcohol under pressures of | 
1, 500, and 1000 atmospheres ; the dotted curves IV. and V. represent — 


the expansion of solu- 
tions of 8°6 and 25°] 


ide in alcohol. In 
this case also the two 
groups of curves follow 
the same course. It 
should be especially 
noticed that alcoholic 
solutions of calcium 
chloride havea smaller 
coefficient of expan- 
sion the greater the 


corresponds to the fact 
that the expansion of 
alcohol is smaller the 
higher the external 


Fig. 20. pressure. Water be- 


haves in the reverse 
way ; its expansion is greater the higher the pressure, and the greater 
the concentration. In order to make the curves easily peel 
the volume at 0° has been invariably taken as unity. 


The pressure to which the pure solvent must be subjected in 1 order | 


to make its cocfficient of expansion equal to that of a solution under 


atmospheric pressure, has been named by Tammann the internal pressure 
of the solution. It is practically proportional to the concentration of — 
the solution up to high concentrations, but varies with the nature of © 


the dissolved substance. 


The investigation of compressibility has led to the same result, and — 
the value of the internal pressure of a solution has been found to be | 


the same, whether deduced from measurements of compressibility 
or expansion by heat. This is, of course, a striking confirmation of 


the theory. Deviations are only found when the concentration is | 


extremely high. 


Tammann draws a number of very remarkable conclusions on specific 


heat, viscosity, electrical conductivity, and optical rotatory power, from 


the internal pressure of the solution in question; eg. the fact, which | 


has been long observed, that the specific heat of a solution is. usually | 
smaller ae that of the water it contains, is explained by the 
diminution of the specific heat of water under pressure. 


concentration, which — 


per cent calcium chlor- | 


ra 
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CHAPTER III . 


THE DETERMINATION OF THE MOLECULAR WEIGHT 


The Molecular Weight of Gaseous Substances.—Formerly gases 
were the only substances the molecular weights of which could be 
directly determined, and it is only recently that it has become 
» possible to measure the same values for substances in dilute solution. 
' The theoretical reasons which underlie these methods have been 
_ already thoroughly treated in discussing the theory of the gaseous 
' state and of solutions. The chief aim of this chapter will be devoted 
_ to the experimental realisation of these methods. 

Since, according to Avogadro’s rule (p. 201), under similar con- 
' ditions of temperature and pressure, different gases contain the same 
number of molecules in a litre, therefore the densities of any two gases 
are in the ratio of their molecular weights. It is customary to refer the 
density, D, of a gas to atmospheric air at the same temperature and 
pressure. The density of air at 0° and atmospheric pressure in 
latitude 45° is 0°0012932, compared with water at 4°; hence the 
density of the gas under the same conditions is 


0:0012932D. 


ince 1 mol of an ideal gas under normal conditions occupies 
22412 e.., the density is 
M 
Bk 22,412 
if M be the molecular weight. 

Hence g : d, 
a M=0-0012932 . 22,400D = 28:983D, 
or nearly enough y 

a M = 29-0D. 
All the practical methods for the determination of the density of 


; (1) The mass of a gas filling a measured volume at a known 
temperature and pressure ; 
* 249 
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Or (2) the volume filled by a weighed amount of a vaporised 
substance ; 

Or (3) the pressure exerted by the evaporation of a known 
amount of the substance in a measured volume at a given temperature. 

Moreover, in practical work in the laboratory, it is not so necessary 
that a vapour density method shall be capable of measurement with a 
high degree of accuracy, as that it shall be certain and simple. For 
since the percentage composition is furnished by the analysis, a deter- 
mination of the vapour density within 1 per cent is amply sufficient 
to determine which one of the different possible molecular weights in 
question is to be selected as the correct one. 


Regnault’s Method.—For the determination of the density of a 
substance which is already gaseous under the ordinary conditions of 
temperature and pressure, Regnault used two glass bulbs of nearly 
the same size, which were hung from the arms of a sensitive balance. 
One of the bulbs was first exhausted, and then filled with the gas to 
be investigated at a known pressure. The second bulb merely served 
to avoid the very considerable correction due to the buoyancy of 
the air. 

As is well known, Regnault in this way was able to measure the — 
density of the permanent gases with satisfactory aceuracy (p. 40). 
But for use in the chemical laboratory, when liquid and solid 
substances are to be investigated, other methods are employed, of 
which the following are the most important. 


Dumas’s Method (1827).—A light glass bulb, holding about 
0-251, is drawn out at the opening to a long thin point, and then 
weighed. After partially exhausting it, by previous warming, 
about. 1 g. of the liquid substance is drawn up into it. It is 
then placed in a heating bath, which has a measured constant 
temperature which must be above the boiling-point of the substance 
to be volatilised. After the contents have been completely volatilised, 
the point of the opening is sealed by melting the glass with a blow- 
pipe. The bulb, when cooled and cleaned, is then weighed again. 
Then it is filled with water by breaking off the sealed point under 
water. The experiment is regarded as satisfactory, only when it is 
filled completely with water, showing that only traces of air remain 
in the bulb. Its volume is obtained by weighing it filled, including 
the point broken off; an approximate weight suffices here. 

Let m denote the weight of the bulb filled with air, m’ that when 
filled with the vapour, and finally M that when filled with water. 
Let t and b be the temperature and barometric pressure at the 
moment of sealing the opening, and t’ and b’ the corresponding values 

1 This method has been used recently by Rayleigh, Crafts, Leduc, Morley, ete., and 


worked out more thoroughly ; see Morley, Zeitschr. phys. Chem. 1'7. 87 (1895) ; 20. 
68 and 242 (1896). 
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at the first weighing. Let A be the weight of 1 ¢.c. of air at pressure 
_ b’ and temperature t’. Then will the density D be equal to 
eee . 1 + 0-00367t 
AM - b 14+ 0:00367t” 


BSince 1 c.c of atmospheric air at 0° and 760 mm. weighs 0:001293 g,, 
therefore \ amounts to 


} 
} 


0001293 ib’ 
~ 14+0°00367t' 760° 


7 The Gay-Lussac-Hofmann Method (1868)—A measured 
_ quantity, m, of the liquid in question is enclosed in a tiny bottle 
- with a glass stopper. This is then introduced into an upright 
_ barometer and allowed to rise into the vacuum above the mercury. 
_ By means of a steam jacket, heated with the vapour of a suitable 
' liquid, the barometer is warmed to such a temperature that the 
_ contents of the tiny bottle are vaporised. From the volume vy, finally 
_ oceupied by the vaporised substance at the temperature t, the density 
D is found to be 


} pom 


| 

“ren again the value of A, the weight of 1 cc of air, at the 
= 

t 


temperature and pressure of the vaporised substance, is obtained 
_ from the formula, 


0:001293 b—- h-e 
1 + 0:00367t 760 


_ Here the pressure, at which the vapour in the barometer tube stands, 
is equal to the external barometric pressure, b, at the time of the 
_ experiment, reduced to zero, minus the height, h, of the mercury 
_ column over which the vapour stands, reduced to zero, and minus also 
_ the vapour tension of mercury e, at the temperature t. 


= 


‘ Victor Meyer’s Method by the Displacement of Air (1878). 
_ —All the methods thus far described are far surpassed in simplicity 
and certainty by this method. It shares with Hofmann’s method the 
advantage of requiring only a very small quantity of a substance. 

_ A long ‘‘pear-shaped” vessel, A in-Fig. 21, is heated to a con- 
_ stant temperature, which must be above the boiling-point of the sub- 
‘stance to be investigated, either-by means of a heating bath,! or in 
any other suitable manner. It is not necessary to know this 
' temperature in order to calculate the vapour density. The pear 
tube extends into a long tube of smaller diameter. ‘This is closed 


1 For the description of a simple bath, see V. Meyer, Ber. deutsch. chem. Ges. 19. 
1861 (1886). 
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at its upper end, near which are two side tubes. One of these 


leads to a small delivery tube or to a gas burette. The other — 
earries a glass rod which is provided at the opening with a tightly-— 


fitting rubber tubing. This serves to drop the — 


a glass tube. 


from the delivery tube, the substance is dropped by 
slipping back the glass rod, which is drawn back 


substance. It is somewhat enlarged in Fig, 21. — 
= On the small glass rod rests the substance to be ~ 

used, enclosed within a tiny glass flask if it is a ~ 
liquid, or if a solid, in the form of a little rod, . 
| obtained by sucking the molten substance up into 


After the temperature has become nearly con- — 
stant, as will be shown by the cessation of bubbles — 


into position again by the elastic rubber. The ; 
substance falls to the bottom of the pear-shaped — 


y flask, which is provided with a cushion of asbestos, 


spiral wire, mercury, or the like, to avoid its — 


The disengaged vapour displaces the air above it, 


blocking its way; and if this occurs before there 


being broken. The substance is at once vaporised. — 


is any marked diffusion or condensation into the — 


colder parts of the apparatus, then the vaporisation — 


Fig. 21. occurs quickly enough. The volume of air dis-— 


placed is measured in the eudiometer, or in the gas 


burette ; and this represents the volume which would be oceupied by — 


the substance at the same conditions of temperature and pressure. 
Thus the density D is 


m 760 =1+0°004t 
b 0001293 a2 = DSi 800 Le 


Here m denotes the quantity of the substance used in neat b the 


D= 


pressure in millimetres, and t the temperature at which the displaced — 


volume, v, of air (measured in ¢.c.) is observed. The factor 0°004 is 


taken instead of the usual coefficient of expansion 0°00367, in order to — 


take account of the moisture of the air. 


One may also drop the substance into the pear-shaped flask by 
opening the stopper and closing as quickly as possible. A heating-— 
jacket of glass around the “ pear” may be used when = temperatures — 


do not run too high. 


It must be observed that the partial pressure at which the vaporised — 
substance stands is nevther definite nor constant; but that from the bottom, | 
where the substance is only slightly intermixed with the air present, and | 


therefore where the pressure is almost equal to the atmospheric pressure, the 


partial pressure gradually sinks to zero at the top, and thus that it diminishes _ 


at all intermediate points with increasing diffusion. But this variation of | 


i 
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the partial pressure, resulting from dilution with the obstructing air, may be 
if disregarded in the measurement (7c. in the measurement of the displaced 
| air), provided that the disengaged vapour conducts itself as an ideal gas and 
obeys Boyle’s law. Only in such cases will the quantity of displaced air be 
as great as though no intermixture had occurred through diffusion. 

But the behaviour is entirely different when the substance which is to 
be. studied exhibits dissociation (see Chapter VI.), and when it dissociates more 
| and more as the partial pressure diminishes. In that case, the quantity of 
|» air displaced will be greater the more quickly the mingling occurs, and the 
_ results obtained will no longer bear a simple interpretation, because one does 
not know how far the mixture had gone at the time of the measurement, 
_ and therefore what the relative pressures may be under which the vaporised 
substance was studied. 

The way in which the air is displaced may thus indicate qualitatively, 
whether the vaporised substance is conducting itself normally, or whether 
dissociation is taking place; in the latter case, the method ts unsuctable for 
exact measurements, and will not give simple results. (See Book III. Chapter 
IL, ‘‘ Influence of Indifferent Gases.”) 


The Determination of the Vapour Density at Very High 
| Temperatures.—At high temperatures, Hofmann’s method is debarred 
{on account of the great vapour tension of mercury, and also for 

other reasons. The method of Dumas is quite difficult to use, since 

we are debarred from using a glass bulb at high temperatures (above 
650°), and if a porcelain flask is used according to the modification of 
Deville and Troost, its point must be sealed with the oxyhydrogen 
blow-pipe. On the other hand, the method of the displacement of air 
has been used recently with very good results, even at very high 
temperatures (up to 2000°). 

For the material of the heating bath there may be used boiling 
sulphur (444°), or boiling phosphorus pentasulphide (518°), or boiling 
stannous chloride (606°), and for still higher temperatures a charcoal 
furnace, or a Perrot’s gas furnace which is fed with an air blast. As 
shown by the researches of Nilson and Pettersson (1889), and also by 
_ those of Biltz and V. Meyer (1889), it is possible in this way to reach 
and measure high temperatures which are sufficiently constant during 
the investigation ; these temperatures were easily regulated by 
"controlling the supply of gas, and mounted as high as 1730°. 

- Using water-gas in a Perrot! furnace Biltz? attained a temperature 
- of 1900° ; suitable materials for a vessel to use at this temperature are 
not known however (see below). 

_ The pear-shaped vessels and the extension tubes are protected 
against injury, by making them of platinum free from soldering with 
any other metal, or of porcelain glazed both inside and outside. The 
latter has the advantage that it can be subjected directly to the gas 


RAEN 


2 For a description of the Perrot furnace see V. Meyer and C. Meyer, Ber. deutsch. 
chem. Ges. 12. 1112 (1879). © 
* Zeitschr. phys. Chem. 19. 385 (1896). 
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flames ; while the former, on account of its ready permeability by gases — 


at high temperatures, must be protected from direct contact with the 


flame by a surrounding mantle of porcelain. Inasmuch as the porcelain ~ 


“nears” begin to soften at 1700°, it is recommended that they be 


wrapped in thick platinum foil in order to increase their resistance — 


to heat. 


The dropping apparatus, and the tube delivering to the gas burette, 
are as before made of glass, and provided with rubber fittings at the © 


ends of extension tubes which reach far enough out of the furnace ; 


they are protected from being heated by a screen at the side of the © 


furnace. 
In general the measurement differs in no detail from that conducted 


at lower temperatures, except that the substance cannot be vaporised 3 


in air on account of the great chemical activity of oxygen at high 
temperatures ; therefore, before the experiment, the apparatus must be 
filled with some neutral gas, as nitrogen or carbon dioxide. 


Although, as previously emphasised, it is not necessary to know 
the temperature at which the substance is vaporised, yet it is never- — 


theless of great advantage in the case of substances which change their 
molecular weight with rising temperature. As a matter of fact, 
Nilson and Pettersson, V. Meyer, and others, without making the 
apparatus very complicated, succeeded in making vapour density 
determinations, combined with quite reliable determinations of the 
temperature. 

This experiment! consisted simply in using the “pear” as an air 
thermometer by heating it from the initial temperature (as 0° or the 
temperature of the room), and measuring the volume of the air dis- 
placed ; from this the final temperature was calculated from the well- 
known expansion coefficient of gases. 

It is necessary to introduce a correction due to the expansion of 
the “pear” with the temperature; this is given by the coefficient of 
volume expansion of the material of which it consists. Now it must 
be noticed that only the “pear” itself is exposed to the temperature 
which it is desired to measure, and this temperature diminishes along 
the extension tube down to the temperature of the room. As the 
correction which this involves introduces much difficulty into the 
calculation, it is determined directly by means of a compensator ,; this 
is a companion tube closed below, of the same material as the extension 


Te oe th 


tube, of the same form, and placed parallel to it and as near it as 


possible. 

By subtracting the amount of gas driven out of the compensator, 
from that driven out of the vapour density apparatus, one obtains the 
amount actually driven out of the “pear” by the elevation in tem- 
perature, which, reduced to 760 mm. and 0°, amounts to v. Further, 


1 Nilson and Pettersson, J. pr. Ch. [2], 33. 1 (1886) ; Biltz and Meyer, Zeitschr. 
phys. Chem. 4. 249 (1889). : 
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| if V denotes the content of the pear (=the total content minus the 
| content of the compensator), a the coefficient of expansion of gases 

| (0°00367), and y the cubic coefficient of expansion of the material of 

| the pear (0°0000108 for porcelain and 0:000027 for platinum), then 

the final temperature is given by the simple formula: 

; ’ Vv 

We t=>7 e 

ie V (a- y) -— va 

. At very high temperatures, when only about 4th of the original 

| air remains in the apparatus, the method loses its accuracy, because 

| here a very great increase in temperature causes the expulsion of only 

| a very slight quantity of air. 

A Another method, used at the same time by Crafts and V. Meyer,} 
_ works much better ; this requires a more complicated apparatus, and 
consists in driving out the air or nitrogen contained in the apparatus 
_ at atmospheric temperature, and again at the temperature of the 
¥ experiment by carbon dioxide or by hydrochloric acid ; measuring the 
| former in a gas burette, while the displacing gas, in a quick stream, is 
it absorbed by a solution of caustic potash, or by water in a gas burette. 
i The displacing gas is introduced into the apparatus through a narrow 
_ tube which is fused into the lower part of the pear, and runs parallel 
_with the extension tube ; and similarly the introduction of the gas into 
the compensator is effected by means of a tube sealed into “ie and 
running parallel with the extension tube. The use of such an 
|| apparatus is rendered impossible in the case of porcelain pears by 
_ reason of technical difficulties, but pears of glass and platinum prove 
Ve. well suited for this purpose. 

% If V denotes the volume of the pear at 0° and 760° mm., and v 
_ that of the heating jacket containing dry nitrogen referred to 0° and 
| 760 mm., then the temperature of the experiment (as before) is 


V-v 
~ va — Vy 


__ Of course V and v are regarded as corrected by the subtraction of 
| the corresponding quantity of air driven out of the compensator. 
: The author? has recently succeeded both in simplifying the pro- 
Piturs described above and in extending the range of temperature 
available to 2000°. A small iridium vessel (made by Heraeus of 
Hanau) containing about 3 c.c. was heated by an electrically heated 
iridium tube: the small amount of gas driven out was measured by 
| the movement of a mercury drop in a calibrated glass tube. The 


1} Crafts and Fr. Meier, C.R. 90. 606 (1880); V. Meyer and Ziiblin, Ber. 13. 
2021 (1880). See also Langer and V. Meyer, Pyrochemische Untersuchungen, Bruns- 
wick (1885) ; Mensching and V. Meyer, Zettschr. phys. Chem. 1. 145 (1887). 

7 aw. Nernst, Z. f. Hlektroch. (1903), p. 622; cf. further Lowenstein, Zeitschr. 
_ phys. Chem. 54, 707 (1906) ; ‘and V. Wartenberg, Ber. deutsch. chem. Ges. 89. 381 
(1906) ; Zeitschr. anorg. Chem. 5@. 320 (1908). 
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% 
substance to be gasified was weighed—usually a fraetion of a milli- 
gram—on a “‘ microbalance,” constructed like a letter balance, the pan 
being fastened at right angles to horizontally stretched quartz fibre. 
The temperature was measured by the emission of light from the 
bottom of the iridium vessel; this was compared with a photometric, 
electrolytic glower (of a Nernst lamp). With this apparatus fairly 
accurate measurements could be taken easily and rapidly. 


The Determination of the Vapour Density at Diminished | 


Pressure.—An important method of vaporising substances consists 
not only in raising the temperature, but also in diminishing the 
pressure ; and indeed the latter alone is applicable when an elevation 
of temperature is attended by a decomposition of the substance which 
makes the determination of its vapour density impossible, The 
method of Hofmann is the only one of those described above, which 
permits the evaporation of the substance in a vacuum, and which 
therefore gives a determination at any desired diminished pressure. 
By combining the bulb used in the method of Dumas, with a water- 
pump and a manometer,! the pressure can be reduced very low ; but it 
is obvious that, on weighing the very small residue remaining in the 
bulb, the method loses in accuracy very considerably. 

Finally, it has been recently shown by V. Meyer ? that it is possible 


to determine the vapour density of a substance at temperatures from 


20° to 40° below its boiling-point by taking pains to vaporise it quickly. In 
order to accomplish this it is necessary to spread the substance out 


quickly on the bottom of the pear. This is accomplished by dropping — 
solid substances in the form of tiny rods; and liquids enclosed in — 


little flasks of Wood’s metal, which melt immediately on arriving at 
the bottom of the pear. Also the use of hydrogen, as the packing gas, 
was found to be of advantage in increasing the speed of vaporisation, 
on account of its ready diffusibility [mobility ]. 


Finally, a number of particular methods have been described for — 


the determination of vapour densities at diminished pressures. 


Malfatti and Schoop,? and Eykmann* as well as Bleier and Cohn® | 


also in a modified way, measure the increase of pressure occasioned, 
in a space of known volume which is almost completely exhausted, 


by the vaporisation of a known quantity of the substance in question. | 
Schall © compares the increase of pressure, resulting from such evapora- — 
tion as that just described, with the increase of pressure from the © 
admission of a known quantity of air into the exhausted apparatus, or — 
from the escape of carbon dioxide from a known quantity of soda; in | 


1 Habermann, Lich. Ann. 187. 341 (1877). 


2 Demuth and Meyer, Ber. 23. 311 (1890); Krause and V. Meyer, Zeitschr. — 


phys. Chem. 6. 5 (1890). 
3 Zeitschr. phys. Chem. 1. 159 (1887). ; 
4 Ber. 22. 2754 (1889). ‘ ® Monatshefte f. Chem. 20. 909 (1900). 
6 Ber. 22. 140 ; 23. 919, 1701 (1890). 
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this method it is not necessary to oF the volume of the apparatus. 
_ An apparatus has been described by Lunge and Neuberg,! which con- 
_ sists of a combination of V. Meyer’s apparatus with a Lunge gas 
burette, and allows a very elegant control of the pressure under “which 
the substance is vaporised. 

The gas baroscope of Bodlander’s? arrangement depends on the 
| method of displacement, but the increase in pressure at constant 
| volume is measured; a special advantage of this is that it avoids 
reduction to normal volume. 


Calculation of Atomic Weight from Gas Density.—Atomic 

weights can be calculated from the molecular weights determined 
~ according to Avogadro’s law (p. 167); usually this has only been 
| done in an approximate manner, the exact value being subsequently 
arrived at by analysis. 

Now, according to all probability Avogadro’s law is strictly true 
for ideal gases; hence if the measurements on ordinary gases and 
“vapours can be reduced to the ideal state, we have a purely physical 
| method for exact determination of atomic weights from gas densities. 
v This method has been carried out with remarkable results by 
| D. Berthelot.? 
| _ Let v, be the actual volume of a mol. of gas under normal condi- 
4 tions, V, that which a mol. of ideal gas would occupy under the same 


| 


circumstances, then (p. 212) 
Ve = va(1 as wa aR ae) 
ous Vg 
‘Hence to reduce the measured density of a gas to the ideal condition 
_and obtain the exact molecular weight it must be multiplied by 


] ae Di tee ) 
| V, 0 y, ¥p/ 
0 at 
The simplest way to get the expression in brackets is by measure- 
“ments of compressibility. As we are only concerned with gases in a 


| a. 
"condition approaching the ideal, the quantities : and =a in van der 


Vaals’ formula are small compared with unity; we may therefore 
rite with sufficient accuracy (see p, 239) 


b a 
pv-= rif 1 a rler cs mae 
j.€. py must, for constant temperature, be a linear function of the 


pressure p. If, then, pv be measured for various pressures and 
| extrapolated linearly to p=0, we shall have accomplished the 


| 1 Bers 24. 724 (1891). 2 Ibid. 27. 2263 (1894). 
® J. de phys. [3], 8. 263 (1896) ; cf. Guye, Bull. Soc. Chim. [2], 33. 
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reduction to the ideal state. D. Berthelot found the following 
molecular weights :— 


Hy No . CO Os 002 
d 0°062865 0°87508 0°87495 170000 1°38324 
A -—0'064 +0°038 0°046 0-076 0°674% 
M 2°0145 28°0138 28007 32000 44°000 
N20 HCl CoH, SO. 
ad 1°38450 1°14836 0°819388 2°04835 
A +0°761 0°790 0°840 23587 
M 44°000 36486 26°020 64°050 


Under A are given the corrections in per cent, caleulated as 
described above ; the observed densities must be reduced by these 
amounts to yield correct molecular weights. The atomic weights 
deduced from the latter are given in line (I.) below, while in (II.) are 
the atomic weights from the table, p. 34: 


O H C N 5S Cl 
(I.) 16-000 1:0075 12°004 14-005 32-050 35-479 
(II.) 16-000 1:008 12°00 14°01 32°07 35°46 


The remarkable agreement is evidence that Avogadro’s law is true, 
in the limit, with great, or perhaps complete accuracy. 


The Determination of the Molecular Weight from the | 


Osmotic Pressure of the Dissolved Substance.—It has been 
already stated that it is possible to determine the molecular weight of 
any desired substance in any selected solvent, provided the concentra- 
tion is not too great ; this depends upon van’t Hoff’s generalisation of 
Avogadre’s rule ; according to this, the osmotic pressure of a substance in 


solution, like the pressure of a gas, is independent of the nature of the — 
molecules, but simply proportional to their nwmber, and is identical with — 
the corresponding gas pressure (see p. 150). Thus, if there are ¢ grams — 
of a substance dissolved in 1 litre of any selected solvent, and if the © 
pressure at the temperature t, exerted by this on a partition (which is _ 


permeable for the solvent, but not for the dissolved substance), 


amounts to p atmospheres, then the molecular weight of the dissolved — 


substance is calculated to be 


M = 29-41(1+ 0-00367t) 


for (p. 40) 1 mol. of any selected gas, when enclosed in the space 


of 1 litre, at 0°, exerts a pressure of 22°41 atm., and at t° a pressure of 


22°41 (1+ 0°00367t); and the osmotic pressure is equal to this, 


M 
which we derive the preceding formula. 
Now the direct experimental determination of osmotic pressure is | 
attended by great difficulties: hence osmotic measurements for. 
molecular weight determination have been used only occasionally, as’ 


al 


| 


multiplied by the relative number of molecules, viz. = 1, from 


: 


4 
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once by de Vries,' who determined the molecular weight of raffinose 
__ by comparing a solution of it with the known osmotic pressure of a 
| plant-cell, by the plasmolytic method. 
| On the other hand, we possess several methods for the indirect 
measurements of the osmotic pressure, which give simple and exact 
results ; we are indebted to Raoult especially for their discovery. 
Since the lowering of the freezing-point, of the vapour pressure, and 
of the solubility, experienced by a solvent on adding a foreign sub- 
stance, are all proportional to the osmotic pressure of the substance 
added, by measuring these depressions we obtain directly the molecular 
weight of the dissolved substance. 


The Depression of the Freezing-Point.—If the addition of m 
grams of a substance to 100 g. of a solvent lowers the freezing-point 
of the latter t degrees, then the molecular weight of the dissolved 
substance is calculated from the formula 


M=E_; 
t 


here EH, the ‘‘molecular depression of the freezing-point” of the 
particular solvent used, is obtained from the heat of fusion w, of 1 g 
of the solvent, expressed in g.-cal. and from its fusing-point T in 
absolute temperature ; thus 


The molecular depressions of the freezing-point for the solvents 
thus far investigated are given in the table on p. 147. The accuracy 
‘| of the formula requires that the pure solvent shall freeze out of the 
‘. solution, and not a mixture of the solvent with the dissolved substance 
im (p. 163). 
yeu A great variety of pieces of apparatus which, however, are 
essentially the same in principle, have been described to measure the 
| depression of the freezing-point.2 Of these we will describe the 

_ apparatus constructed by Beckmann,* which was universally adopted 
_ in a very short time, and which enables one to measure the lowering 
| of the freezing-point very simply and accurately. 

The vessel A, Fig. 22, which is designed to hold the solvent, con- 
sists of a thick-walled test-tube, having a side tube. After pouring 
in the solvent, about 15 or 20 g. being weighed or measured out 
_ with a pipette, thére is introduced a stirrer made of thick platinum 

1 OR. 106. 751 (1888). ; 
2 Raoult, Ann. chim. phys. [6], 2. 93 (1884); 8. (1886); Zeitschr. phys. Chem. 
} 9. 343 (1892); Hollemann, Ber. 21. 860 (1888); Auwers, 7b. 701; Eykmann, 
j  Zeitschr. phys. ‘Chem. 4. 497 (1889) ; Fabinyi, ib. 2. 964 (1888); Klobukow, 7b. 

4, 10 (1889). 

% Zeitschr. phys. Chem. 2. 638 (1888). See especially G. Fuchs, Anleitung zu 
Molekulargewichtsbestimmungen, Leipzig (1895). 
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wire, and then the thermometer D, fitted with a cork. In order to 
hold the test-tube in place, and also to protect it with an air-jacket, 
it is fitted with a cork ring into another wider test-tube B. The 
whole is placed in a glass jar C filled with the cooling mixture, the 
temperature of which should be carefully 
kept constant during the experiment, and 


solvent. 

A measurement is conducted in the 
following way: First, the test-tube contain- 
ing the requisite quantity of the pure solvent 
is dipped into the cooling mixture, and at 
the same time is constantly stirred till the 
whole is a little undercooled, and there 
occurs a separation of . finely- divided ice, 
attended by a sudden rise in the ther- 
mometer to the freezing-point of the solvent. 
In this way, when the test-tube is protected 
by the air-jacket, which prevents its heat 
from being given off too suddenly, we obtain 
an exact measurement of the freezing-point 
of the solvent itself. We then add, through 
2 the side tube, a weighed amount of the 
substance to be investigated, and, after melt- 
ing the solvent by careful warming, redeter- 
mine the freezing-point of the solution in 
exactly the same way as before. The resulting 
depression of the freezing-point is obtained 
by subtraction. 

Although we are now in possession of 
all the data requisite for the calculation of 
the molecular weight, yet it is recommended 
that a series of observations be made by 
adding successive portions of the substance, 
in order to determine whether the molecular 
weight is independent of the concentration, 


with the concentration. ; 

In investigating solutions of greater con- 
centration, the amount of ice separated must 
be as little as possible, in order to avoid. the errors consequent upon 
too great a change of concentration from the freezing out of too 
large a portion of the solvent. This can be accomplished easily with 
a little practice. The side tube serves to introduce the solid sub- 
stances. To introduce liquid substances one may use as a wash 


bottle the Sprengel-Ostwald pyknometer. More recently Beckmann [ 


at about 4° below the freezing-point of the 


or whether the degree of dissociation varies 
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has described a simple apparatus which enables one to use solvents 
which are strongly hygroscopic. 

As the measurement of the freezing-point can be accomplished 
with a little practice, within some thousandths of a degree, it is 
recommended to use a thermometer divided to read directly to 
hundredths of a degree. In order to use such a thermometer over 
wide ranges of temperature (-—6° to+60°), Beckmann devised a 
thermometer where the capillary above passed into a bent mercury 
reservoir (see Fig. 22). According as the thermometer is to be used 
with solvents having a higher or lower freezing-point, more or less of 
the mercury is passed from the capillary into the lower part of the 
reservoir by warming and carefully tapping the thermometer. The 
value of the scale of the thermometer practically remains unchanged, 
since we are merely concerned in measuring differences of temperature. 

A method, given by the author, for measuring the freezing-point 
of solutions, especially at high concentrations, has been worked out 
by M. Roloff.2 The principle of the method is to determine the 


composition of the solution that is in equilibrium with the frozen 


solvent at a given temperature. This may also be looked upon as a 
measurement of the solubility of the solvent in the given solution. 
In working out the method the first difficulty met with was to 
maintain constant low temperatures. Cryohydrates formed by 
mechanical mixture of snow and salts are not finely enough divided 
to give really constant temperatures. If, however, the cryohydrates 
be formed by freezing saturated salt solutions, they keep their 
eryohydric temperatures exactly till the freezing is complete. By 
the use of appropriate salts all temperatures from 0° to — 30° can be 
obtained. 

The principle of the method is to measure the composition of a 


a solution corresponding to a certain freezing-point, instead of determin- 
ing the freezing-point of a given solution. 


Water, acetic acid, and benzene are the solvents most used. . Very 
remarkable results were obtained by using Glauber salt as solvent (H = 32°6). 


; _Lowenherz, Zettschr. phys. Chem. 18. 70 (1895). 


Freezing-point of very Dilute Solutions.—It is important to 


_ make sufficiently exact measurements on very dilute solutions, both 


on account of the theoretical importance of such solutions and 


* practically to obtain the molecular weight of slightly soluble substances. 
_ Early observers obtained somewhat erroneous values for the aqueous 
_ solutions with which, in the first place, they concerned themselves ; 


at 


but recently results of value seem to have been arrived at. 


It has been found that the influence of the cooling-bath and of 


1 Zeitschr. phys. Ohem. 7, 323 (1891) ; 22. 616 (1897). 
-* Ibid. 18. 572 (1895). The method described later by T. W. Richards (Journ. 


Amer, Ohem. Soc, 25. 291, 1903) is entirely identical. 
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the heat generated by stirring produce errors of some thousandths of 
a degree or more ; this is of no consequence in careful measurements 
of molecular weight of substances at moderate concentrations, but 
must—and can—be avoided in dealing with very dilute solutions. 


The following is a brief account of the theory of the establishment of 
equilibrium on freezing! :—Given a large mass of freezing liquid: let the 
true freezing-point be T), 7c. the temperature at which the separated solid 
and residual liquid are in equilibrium ; let the temperature at time x be t. 
Then t will approach T, by the melting or freezing of some of the solvent, 
and the accompanying absorption or evolution of heat, according as t is 
above or below T,. ‘The outside temperatures exert no influence, since we 
have assumed a large mass of liquid. 

According to experience on the solution of solids (Book III. Chapter V.), 
the rate of solution of the solid solvent may be taken as proportional, other 
circumstances being equal, to its difference in temperature from the point of 
equilibrium ; but as the heat absorbed is proportional to the mass dissolved, 
the rate of change of temperature at any moment may be put proportional 
to the difference between T, and t. Thus 


dt=K(I,-t)dz  .. | 


We need not trouble as to the meaning of K except that it is proportional 
to the total area of the solid solvent and its heat of fusion, On integrating 
we get 
Tp = b; 
T= t5 
where t,, t, are the temperatures at times Z4) Zo: 

Actually the mass of liquid is limited, so that there will be an inter- 
change of heat with the surroundings by radiation, etc, as well as a produc- 
tion of heat by stirring. If we call t, the temperature that the solution 
would tend towards if no freezing took place (the “convergence temperature ”), 
the course of the temperature, if there were no separation of solid, would be 
given by Newton’s law as 


K(@, —z,)=In (2) 


dt = k(t, — t)dz : : 5 (3) 
with the integral 


t, —t. c 
k(z,-2,)=In2— j 2 . (4) 


eas 
Again the physical meaning of k is unimportant; we need only remark 
that k is smaller the greater the ratio of thermal capacity of the solution 
to surface exposed. 
The actual course of the thermometer in a finite mass of solution is 
found by adding (1) and (3): 
dt =[K(T, — t)+ k(t, — t)Jdz : : : (5) 


which gives, on integration, 


(K £8) (1) =n Tot ky - K+ Wt, 


KT) + kt)-K+k)t, 


(6) 


1 Nernst and Abegg, Zeitschr. phys. Chem. 15. 681 (1894). 
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' The final temperature t’, which may conveniently be called the apparent 
| freezing-point, is given by 

dt 

dz 


or t'=T,- Ew — t,) 3 - : é (7) 


=K(T, — t’) + k(t, - t’) =0, 


The thermometer settles therefore, not at T,, but at the somewhat different 
temperature t'; the latter is the closer to the former, the nearer the convergence 
temperature t, is to the freezing-point T,, and aleo the larger K by compari- 
son with k. The true and apparent freezing-points are only identical when 


- t=t, 
ie or K=o. 
Hence, to obtain correct values, either the temperature of the freezing 


mixture must be carefully regulated, so that the convergence temperature 
practically oie with the point to which the thermometer settles, or else 


_ the correction att —t,) must be obtained by special experiments (see the 


work of Abegg an Raoult already quoted on p. 139), It should be observed 
that for electrolytes, as for water, K is usually so large that the correction is 
negligible (though K of course varies according to the way ice separates). 
It is otherwise with non-electrolytes, such as sugar; for these Raoult,! Jones,” 
and others found erroneous values, which were only corrected by means of 
_ experiments conducted in accordance with the above theory of Abegg and 
the present writer. Only recently have Raoult! and Loomis® taken up the 
same standpoint as ourselves. Hausrath* has succeeded, by refinements in 
temperature measurement, in measuring the freezing-point of solutions to 
0:00001°. Beckmann (Zeitschr. phys Ohem. 44. 161 (1903)) has shown 
how the accuracy of the experiments can be increased by lessening the above 
- corrections (e.g. by electrical stirring). 


The Lowering of the Vapour Pressure.—The law which was 
developed theoretically by van’t Hoff, and experimentally by Raoult, 
states that the lowering of the vapour pressure experienced by a 
_ solvent on adding a non-volatile substance, is equal to the number of 
_ molecules of the dissolved substance divided by the number of mole- 
cules of the solvent ; this leads at once to the determination of the 
_ molecular weight. Let p be the vapour pressure of the pure solvent 
_ at a selected temperature, and p’ that of a solution containing m grams 
- of a foreign substance dissolved in 100 g. of the solvent; then, 
“according to the preceding law, we shall have 
A p—p’_ mM, 

“p -M100’ 
; where M denotes the molecular weight of the dissolved substance, and 


1 Zeitschr. phys. Chem. A 343 (1892). 3 Ibid. 32. 584 (1900). 
2 Thid. 11. 529; 12. 623 (1893). 4 Wied, Ann. 9. 522 (1902). 
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vapour density. Then we shall have, in terms of those quantities 
only which are directly accessible, 

' - mp’ 

Me MoD = Px) 

But considerable experimental difficulties are found to interfere 
with the practical application of this formula. For many reasons the 
exact measurement of the vapour pressure of a solution is not a simple 
problem. Also, since the difference in the preceding formula, between 
any two vapour pressures to be measured, amounts to only a small 
percentage, it is necessary that this measurement should be very exact. 
Moreover, the selection of a method! for measuring simply and accur- 
ately the difference between the vapour pressure of a solvent and of 
the solution has not hitherto been attended with good results. It is 
only recently that Beckmann” accomplished this in an indirect way ; 
instead of determining the lowering of the vapour pressure after 
the method of Raoult, he determined the corresponding elevation of the 
boiling-point. 

It follows directly from the equations, developed on p. 136, that 


MeES 
t 


where m has the same meaning as above, and t denotes ‘the observed 
elevation of the boiling-point. E, the “molecular elevation of the 
boiling-point” [for the particular solvent], is calculated as follows, 
from the heat of vaporisation 1, of 1 g. of the solvent at its boiling- 
point T, in the absolute scale ; thus 
-029T2 
pe 0:02T 
1 
The following table shows H, calculation and experiment giving 
results in agreement for the solvents thus far investigated :— 


E T - 273 E | 4T-278 
Benzene . 26°7 80 Ethyl alcohol . 115 78 
Chloroform eS OnG 61 Ethyl acetate . 25 75 
Ethylene bromide . | 63°2 132 Ethyl] ether 21°2 35 
Carbon disulphide . | 23°7 46 Acetone . 5 Be eee 56 
Acetic acid . | 25°3 118 Aniline . 4 + [see 182 
Phenol 30°4 132 Water Baap aN) 100 
Nitrobenzene . 50 205 | 


1 Raoult, Ann. chim. phys. [6], 20. (1890); Will and Bredig., Ber. 22. 1084 
(1888); Beckmann, Zettschr. phys. Chem.| 4. 5382 (1889). [An accurate method for 
determining the vapour pressures of solutions has been introduced by Berkeley and 
Hartley, Proc. Roy. Soc. '7'7. 156 (1906); Phil. Trans. 209. 177. The results 
obtained by this method for the osmotic pressures of solutions agree closely with those 
found by direct measurement, —TR. ] 

2 Zeitschr. phys. Chem. 4, 5382 (1889); 6. 437 (1890); also Raoult, CR. 87. 
167 (1878). ; i 
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The measurement o the elevation of the boiling-point can be con- 
‘ducted very accurately by means of the apparatus shown in Fig. 23.1 
| The three-neck flask A serves to heat the liquid ; the bottom is pierced 


Fig. 24. 


inschmelzglas), and is also half-filled with glass beads. A thermo- 
eter, provided with a mercury reservoir as in the freezing apparatus, 
ind thus made serviceable for temperatures from 30° to 120°, is fitted 


1 Beckmann, Zeitschr. phys. Chem. 4, 543 (1889); see also the short monograph 
Epes, ae further Beckmann, ibid. 40, 129 (1902) ; ; 44. 161 (1903). 
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in one opening. An inverted condenser is fastened into the middle 
opening (b) ; this condenser has an opening at d, which serves to give 
free passage for the steam. On account of its ready condensation, the 
apparatus of Soxhlet is used, and this is protected from the moisture of 
. the air by a chloride of calcium tube. 
I A third opening, ©, serves to intro- 
i) duce the substance to be dissolved. 
) In conducting the operation, 
[ the flask is first partly filled with 
a definite quantity of the solvent, 
which is either weighed or measured 
with a pipette. It is then heated 
by a gas lamp, which can be suit- 
ably regulated, and is protected 
against too sudden heating by an 
asbestos jacket. The flame is so 
regulated that a drop shall fall from 
the condenser B every ten or twenty 
seconds. The upper part of the 
apparatus is protected against the 
heat by two pieces of asbestos 
paper, one of which is cut out with 
a circular opening for a support. 
The heat is largely transmitted 
through the platinum wire which 
is fused into the bottom of the 
flask, and which touches the lower 
asbestos paper. As a result of this, 
bubbles of vapour form at its upper 
end, when the liquid boils ; and on 
account of the glass beads present, 
\ the bubbles must pass up through 
re z the liquid in serpentine courses, 
thus having sufficient time to bring 
themselves into temperature equilibrium corresponding to the external 
pressure, and to the concentration. After the temperature has been 
kept constant within a few thousandths of a degree, the substance to 
be dissolved is introduced in a weighed quantity, through the open- 
ing OC, solid substances being in the shape of little sticks or lozenges, 
and liquids being introduced by means of the pipette shown in Fig. 24. 
As was done in the case of the freezing-point method, so here also 
it is recommended to make several determinations with increasing 
concentration. 
Beckmann! has since described a modified form of his boiling- 


1 Zeitschr. phys. Chem. 8. 223 (1891); see also Beckmann, Fuchs, and Gernhardt, 
ibid. 18. 478 (1895). 
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“point apparatus, by the use of which it is not only possible to employ 


liquids of a higher boiling-point, but it is also so shaped that a very 
little of the solvent and of the dissolved substance will give very 
“exact results. The flask A, containing the liquid, is shaped (Fig. 25) 
like the flask in the freezine-point apparatus figured on p. 260. It is 
side-necked test-tube, 2°5 cm. wide, is provided with a thick 
egal wire sealed into the bottom, and is filled to a depth of 
3-4 cm. with glass beads. The thermometer is fitted in by means of 
4 cork. The ‘boiling-flask is surrounded by a steam-jacket of glass, B, 
‘containing about 20 ¢.c. of the solvent, and shown in a special figure. 
Between “the boiling-flask and the vapour jacket is a roll of asbestos 
“paper, and both are provided with return condensers, K, and K,, 
which can be replaced in the case of volatile solvents by small Liebig 
condensers. Bunsen burners serve for heating, and, as shown in the 
figure, these are placed at the side of the vapour jacket. Where the 
flames strike there 
_are pieces of wire 
gauze, and also cres- 


; 2 protect the 
boiling-flask from the 
direct flame; ss are 
|: chimneys of 
asbestos paper for 
he flame gases. If 
ecessary, the boil- 
ing-flask itself is also 
heated directly by 
small flame which 
es not touch it, but, 
as a rule, the heat 
introduced from the 
ter vapour jacket is sufficient to bring the inner liquid to com- 
‘plete boiling. The right condition of boiling will be shown, as in the 
other form of apparatus, by the constant reading of the thermometer. 
Finally a boiling-point apparatus of new construction! is shown 
Fig. 26; in this apparatus the solution is heated by the vapour of 
e solvent. 
The apparatus therefore depends on the phenomenon that the vapour 


Neg? > > 
se 


4 1 Beckmann, Zettschr. phys. ‘Chem. 40. 129 (1902); a few improvements in the 
od (e.g. electrical heating of the liquid) are given in Zeitschr. phys. Chem. 63. 
(1908). 
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of the solvent partially condenses in the solution because of 4. lower 
vapour pressure of the latter, and the heat of condensation brings 
the solution exactly to its boiling-point. The boiling tube, as in the 
earlier apparatus, consists of the glass tube A, with a side tube t, for 
introducing the substance; to a second side tube t, the reverse 
condenser is attached. The boiling mantle G is fused on to the 
boiling tube. The vapour given off passes through the tube D, 
(which is 7 mm. wide, and somewhat jagged at the lower end), down 
to nearly the bottom of the boiling tube, in which it is partially 
condensed. The non-condensed part passes into the reverse condenser 
K, and is completely liquefied in the cooler N. The resulting liquid 
can be led back into the boiling tube or boiling mantle as required. 
In the drawing (Fig. 26) a direct flow back into the boiling tube 
takes place ; but by turning the condenser round, the liquid can be 
made to flow through a hole in the glass joint back into E, and thence 
into G. In this manner it is possible to regulate the amount of 
liquid in the boiling tube. The concentration is determined by 
weighing the amount of substance introduced, and measuring the 
volume of the solution, for which purpose the boiling tube is graduated 
in millimetres. The boiling mantle can be filled with liquid through 
the side tube H; R is a safety tube, which makes it impossible for 
the liquid to suck back from the boiling tube into G. M can be 
fitted into a calcium chloride tube. The heating is conducted as 
in the other apparatus. 

The accuracy of measurement is certainly greatest with the 
apparatus first described; but as the determination of molecular 
weights in practice only needs moderate accuracy, it is better to use 
the last apparatus, on account of its greater convenience. 


The Investigation of Volatile Substances.—The use of the 
forms of apparatus just described implies that the substance dissolved 
is not lost by volatilisation. Experience shows that this condition is 
met when its boiling-point lies about 130° above that of the solvent. 

If the dissolved substance begins to volatilise in a noticeable way, 
then, according to the statements on p. 148, it has the same molecular 
weight in the state of a vapour and in the solution, if the partial 
pressure of its vapour is proportional to its concentration in the 
solution ; or, in other words, if the vapour of the dissolved substance 
follows Henry’s law of absorption. If the dissolved substance has a 
molecular weight different from that in the gaseous condition, then 
there occur striking deviations from a simple ratio. We will consider 
these laws further in the Third Book, Chapter III. 

There is no difficulty,! on the basis of these considerations, in 
extending the theory of the boiling-point apparatus to the case where 
the dissolved substance has its own vapour pressure. I will here 


1 Nernst, Zeitschr. phys. Chem. 8. 16 (1891); Beckmann, ibid. 1'7. 110 (1895). 
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merely indicate briefly that the boiling apparatus, in this case also, 
is able to afford information regarding the molecular condition of the 
dissolved substance. Provided the dissolved substance is sufficiently 
volatile, then if Henry’s law is true, changes of the boiling-point, 
which in this case (see also p. 106) may consist in an elevation or 
a lowering, according to circumstances, will be proportional to the 
concentration. If this is so, the substance has the same molecular 
condition in the state of vapour asin solution. If the latter condition 
is not fulfilled, there is not even approximate proportionality between 
the changes of boiling-point and concentration. 

Of course it is immaterial for the freezing-point method whether 
the dissolved substance is volatile or not. 


The Lowering of Solubility.—A third method, recently added 
to the two so-called Raoult-van’t Hoff methods, by the author, 
has both a theoretical and an experimental basis (see pp. 136 and 

145). According to this, the relative lowering of solubility experienced by 
_@ solvent, as ether, in another solvent, as water, on the addition of a third 
substance |which is soluble only in the first solvent}, is equal to the number of 
- dissolved molecules of this third substance divided by the number of molecules 
of the [first] solvent. Thus, let L denote the solubility of the [first] 
pure solvent in the second solvent, and L’ its solubility when m 
grams of the substance are dissolved in 100 g. of the first solvent ; 
then the molecular weight of the dissolved substance can be calculated 
as accurately as from the lowering of the vapour pressure (p. 263), 
and with only such ee aides as can be determined directly, as 
follows :— 
aay 
Mo ipog Es 
Here M, denotes the molecular weight which the first solvent has 
when dissolved in the second. 

There are several chemical and physical methods which can be 
used to determine the solubility, and it is not necessary to determine 
the absolute values, but only the ratio of the solubility before and 
after adding the substance. When using ether and water, one can 
advantageously employ Beckmann’s freezing apparatus with 20 c.c. 
of ether and 5 c.c. of water, to determine the change of solubility.1 
Then the freezing-point of water is at that temperature which ‘corre- 
sponds to the depressed freezing-point (— 3°85°), occasioned by its 

saturation with ether. Now, if a third substance is added to the 
ether, according to the aforesaid theorem, the solubility of ether in 
the water will diminish in proportion to the molecular content of 
the third substance that it [7e. the ether] absorbs, and thus the 
freezing-point of the water will rise. This elevation of the freezing- 


; e Zensen, Blas. Ohem. 6. 573 (1890). 
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am q 
point can be exactly determined, and, as numerous experiments have 
shown, the method is capable of exactly the same degree of accuracy 
as the Raoult-van’t Hoff method. As the non- volatili¢y of the 
substance in question was presupposed in the boiling-point method, - 
so here we must assume that the [third] substance is insoluble in _ 
water [or in the second solvent used, whatever it may be]. 


The above method has been worked out further by F. W. Kiister,’ who | 
used phenol as one solvent and saturated common salt solution as the 
other, measuring the solubility of the phenol by titration; also by 
Tollovzko,2 who used ether and a relatively large quantity of water, and 
measured the change in volume of the latter due to solution of foreign 
bodies directly. The latter method leaves nothing to be desired in 
simplicity, especially for strong solutions. 


The Distribution of a Substance between Two Solvents.— 
A very simple and exact method for comparing the molecular condi- 
tion of a substance in two solvents, which are only partially soluble 
in each other, is to determine the dependence of the relative distribution 
upon the concentration. Jf the dissolved substance has the same mole-— 
cular condition in the two solvents the distribution is independent of 
the concentration (p. 149). If the molecular condition is not the 
same, then the coefficient of distribution will vary with the concentra- 


tion in a very pronounced way. ‘This subject will be considered again 
in the third book. 


The Role of the Solvent.—All the methods thus far described 
for the determination of the molecular weights of substances in 
solution are based on the same principle ; this consists in the measure- 
ment of the osmotic pressure and its evaluation, in the sense of 
Avogadro’s rule as generalised by van’t Hoff. Therefore all these 
methods thus far used, though apparently very diverse, lead to the 
same results when the investigation concerns the same substances in 
the same solvents. But numerous instances are known where the 
aforesaid substances when dissolved in different solvents show a 
different molecular condition. Thus acetic acid when dissolved in — 
benzene, at a sufficient degree of concentration, consists almost entirely 
of molecules having the formula (CH,CO,H), = 120; when dissolved 
in ether, of CH,CO,H = 60; and when dissolved in water, as will be 


- + 
seen later, it is split electrolytically into the ions, CH,COO and H. 
In the gaseous state, according to the external conditions, we find 
acetic acid to consist more or less entirely of the “normal” molecules, 
CH,CO,H. 

This result does not, of course, speak against the correctness of the 
methods, neither is it at all surprising. The molecular condition of a 


Ber. deutsch. chem. Ges. 2'7. 324 and 328 (1894). 
2 Zeitschr. phys. Chem.. 20. 889 (1896). 
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vaporised or of a dissolved substance varies not only with the external 
conditions of temperature and pressure, as shown in numerous instances, 
but also, in the case of dissolved substances, with the nature of the 
solvent employed. 

The question now arises whether the difference between the mole- 
cular condition of a substance in the gaseous state, and of the same 
substance in solution, is to be ascribed to a chemical action by the 
solvent. This question is of surpassing interest, but it is impossible 
to answer it at present. For it must be emphasised that any com- 
pound of the molecules of the solvent with the molecules of the dis- 
solved substance, at slight degrees of concentration, would have no 
effect in changing the osmotic pressure of the latter, and therefore would 
not appear in the figures of the lowering of the freezing-point and 
the like. 

We do not know at present, and we have no good reason to show 
whether the possibility that the “dissociating force” of water, in its 
capacity as a solvent, may cause it to form compounds with the dis- 
solved substance in the way of hydration, is well grounded or not.1 
One fact that is often overlooked is that the measurements of osmotic 
pressure make no disclosures regarding any compounds of the 
molecules of the solvent with those of the dissolved substance.: (See 
Book III. Chapter II.) 

We must be forewarned also against another very common error 
concerning the osmotic method ; it has been supposed that it afforded 
some information regarding the molecular condition of the solvent itself 


in the liquid state. Thus Raoult and Recoura,? instead of obtaining 


the formula (as on p. 263) 


Rese gee 


100(p — Pp) 


for the lowering of the vapour pressure of acetic acid, where 60 denotes 


the [normal] molecular weight, actually obtained 


mp 
M=1°61 . 6¢0—_——___; 
100(p — p’) 
from which they concluded the molecular weight of liquid acetic acid 


. to be 


ie Vea ee 


My= 1-61 . 60: = 97. 


This conclusion is not well grounded ; the results of this investi- 
gator can be more simply explained, by supposing that the density of 
the saturated vapour of acetic acid at the temperature of the experi- 
ment (118°) was 1°61 times as great as the theoretical value, 2:08 ; 
and therefore that its calculated molecular weight (97) should be 
introduced into the formula. At the same time, these experiments 


1 Briihl, Zeitschr. phys. Ohem. 18. 514 (1895) ; 2°7. 319 (1898). 
> 
2 OR. 110. 402 ; Zeitschr. phys. Chem. 5, 423 (1890). 
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show that the osmotic pressure of dissolved substances is normal, i.e. 
that it obeys the gas laws, even when the vapour of the solvent itself 
is abnormal. 


The relation that seems to exist between dissociating power of a solvent 
and its dielectric constant is discussed in Chapter VII. of this Book. 


Molecular Weight of Strongly-Compressed Gases and of 
Liquids.—Avogadro’s rule does not hold good for strongly-compressed 
gases, but, as we have seen in the previous chapter, van der Waals’ 
formula may be applied. 

It is assumed, in the derivation of this formula, that the molecular 
condition does not alter on compression ; conversely we may conclude 
that when a substance does not obey the equation, the condition in 
question is not fulfilled. 

In a similar way, half empirical and half theoretical, corresponding 
conclusions may be drawn from the rules deduced in the preceding 
chapter for substances which behave normally. 

We have seen (p. 231) that the critical densities are 3°7 to 3°8 
times the theoretical. For ethyl alcohol this ratio is 4°02, which 
indicates polymerisation—in agreement with the other methods to be 
described in this and the following paragraph. 

A further criterion’ is deviation from the rule of Cailletet and 
Mathias (p. 228), which alcohol shows in a marked way. The course 
of the vapour-pressure curve seems to be especially influenced by 
polymerisation ; we have already (p. 234) seen examples of this in 
alcohol and water. Corresponding, finally, to the fact that polymer- 
isation of molecules in the liquid state is accompanied by an evolution 
of heat, which is shown by a high heat of evaporation, we shall find, 
in Chapter V. of this Book, that the determination of this magnitude 
gives us a very reliable test for the existence of polymerisation. 
Although we are thus easily able (see also the two following para- 
graphs) to decide whether association in the liquid state takes place or 
not, we are nevertheless unhappily, still in want of a certain method 
to determine accurately the degree of association. 


Molecular Weight and Heat of Evaporation.—For the mole- 
cular heat of evaporation we have the relation (p. 59) 


d ln p 
Ne RP ar : ; : ‘ (1) 
or, transformed, 
A ...d In p 
~o R din T : : : ; (2) 


According to the theory of van der Waals (see especially p. 224), 
the differential quotient on the right-hand side should be of the same 


1 See especially Guye (Archives des sciences phys. et nat. de Geneve, 31, 38 (1894)). 
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value for all substance at corresponding states. Now Guldberg! 
pointed out that the boiling-point on the absolute scale is nearly 
always about % the critical absolute temperature even for widely 
different substances. This is shown in the following table :— 


Abs. Critical | Abs. Boiling- | Ts 
Substance. Temp. (Ty). : poknt (0). ; | Ty 
Bese! = | —— aes 
Oyen en) ac. | 155 90 | 0°58 
Nitrous oxide. : 309 184 0°60 
Chlorine. : ; 414 240 0°58 
Sulphur dioxide . : 429 263 0°61 
Ethylethe. . . 467 308 | 0°66 
Ethylaleohol . . 516 351 | 0-68 
Phenol ; ; aa 691 454 | O66 | 


It follows that the quotient of moleculur heat of evaporation and 
absolute boiling-point must be approximately the same for all substances. 
This law has, in fact, been put forward, and until quite recently has 
been assumed at least approximately correct (Trouton’s Rule); the 
value of the quotient is about 20-22. 

A more rigid examination of the law, with substances of widely 
different boiling-points, shows, however, that the ratio is by no means 
constant, but increases regularly with the temperature.” 

In the thermodynamic calculation of heats of evaporation it must 
be borne in mind that saturated vapour at the boiling-point, especially 
that of substances of high molecular weight, does not obey the gas 
laws (see also p. 60); from the formulae developed on page 235 it 


follows easily that 
Ate AD p p 
aes (oe 2) PAO ie AAAI Ya 
ort 3 7 : Pe 8) 


where p,, p,, are the vapour pressures corresponding to the two 
absolute temperatures T,, T,; the latter must be near enough together 
for their arithmetic and geometric means to be practically the same. 
Formula (3) is well supported by direct measurements ; as a rule the 
values calculated from the formula will be more accurate than those 
determined calorimetrically. 

The following table contains the boiling-points Ty of a few sub- 
stances, and their heats of evaporation A at the boiling-points, caleu- 
lated for formula (3) ; for hydrogen alone is given the aparently very 
accurate value determined calorimetrically by Dewar * :— 

~ s 
1 Zeitschr. phys. Chem. 5. 374 (1890). 
' 2 Nernst, Gétt. Nachr. Heft 1, 1906; cf. also Bingham, Journ. Amer. Chem. Soc. 
28. (1906). 
% Proc. Roy. Soc. 76. 325 (1905). 
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Substance. Lo A | t 9° log Ty - 0°007 To. 
Hydrogen . ‘ : 20°4 248 12°2 12°3 
Nitrogen ; : 175 1362 17°6 17 *4 
Argon . : : : 860 1460 17:0 17°8 
| Oxygen : ; : 90°6 1664 jo Sis 180 | 
| Methane . ; i 108 1951 bo 180 18°6 
Ethyl ether . i A 307 6466 | 211 215 
Carbon bisulphide tl 319 6490 20°4 21°6 
Benzene ; 5 . 353 7497 212 217, 
Propyl acetate. ; 375 8310 | 22°2 21°8 
| Aniline : : : 457 10,500 23°0 2271 
Methy] salicylate ; 497 11,000 22:2 221 


It is at once seen that * rises considerably and regularly with the 
0 


absolute temperature ; the expression given in the last column (which 
I have derived from certain considerations which will not be gone into 
here)— 
r 

Ty = 9°5 log To 7 0:007T) . . . (4) 
agrees well with observation, and may suitably be called the “revised 
rule of Trouton.” 

Substances which are considerably polymerised in the liquid state, 
but possess normal densities in the gaseous state, show higher values 
than those corresponding to the above formula— 


Ty. a = 9°5 log Ty - 00077. 
Alcohol 3 s ‘ 351 9448 26°9 21°7 
Water : : : 373 9650 25°9 21°8 


This is, therefore, a further criterion for association in the liquid con 
dition. As both Ap and Ty must be increased by association, it must 
be concluded that the first value is more strongly influenced than the 
second. 

The behaviour of acetic acid is peculiar : 


T. N 9°5 log To -0°007Tp. 
Acetic acid 3 ‘ 891 5400 13°8 21°9 


But acetic acid has a molecular weight of 97 in the gaseous state at 
the boiling-point (p. 271) instead of the normal value CH, COOH = 60; 


if we refer d correspondingly to 97 g. acetic cid, a becomes 


To 
8730 : 3 te : 
core 22:1, and therefore practically coincides with the calculated 


value 21:9. It can therefore be concluded with some degree of | 
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certainty, that acetic acid in the liquid state also has a mean molecular 


weight of 97, which corresponds to a high degree of association. 


Molecular Weight and Surface Tension.—<A very important 
method of determining molecular weight of liquids is due to Kétvés,! 
who found the following rule confirmed by a series of experiments : 
if y is the surface tension of a liquid expressed in dynes, v its 
molecular volume (that is, the volume occupied by one mol in the 
liquid state), then 

yi = k(T - T,) : : ; ‘ (1) 


where T, is a temperature not very different from the critical, and k 
is a constant independent of the nature of the liquid. This relation 
was later tested experimentally by Ramsay and Shields? in a very 
thorough manner, and found in good agreement with the observations. 
Conclusion (1) was put in the form 


yvi = k(r - d) : ; 3 ; (2) 
where 7 is reckoned downwards from the critical temperature, and d 
is usually about 6; conclusion (2) only holds accurately when 7 is 
greater than 35°; not, therefore, in the immediate neighbourhood of 
the critical point. 

Imagine that we have a mol of the liquid in question in spherical 
form, its radius is \/v, its surface is proportional to vi, and accord- 
ingly yvi is a quantity proportional to the molecular surface energy of 
the sphere. Equations (1) and (2) therefore state that the temperature 
coefficient of the molecular surface energy (except in the immediate 
neighbourhood of the critical point) 2s independent of the special nature 
of the liquid. 

Putting the molecular surface energy at yv’, then the temperature 
coefficient k is 2°27 according to Hotvés, and 2°12 according to 
Ramsay and Shields. 

Kétvés’s law may be expressed in this manner; the work required 
to form the surface of a spherical mol of a liquid varies with the 
temperature in the same manner for all liquids. This is the case 
with the production of a mol of gas under constant pressure according 
to Avogadro’s law; in the latter case, according to the laws of gases, 
the work required is simply proportional to the absolute temperature. 

The following liquids behave normally—that is, give a temperature 
coefficient of the molecular surface energy in the neighbourhood of 
2°12 :— weit’ ** 4 

Nitrous oxide . : : : ¢ : 2°27 
Benzene . : - 3 } 3 : : 217 
Chloro-benzene : ; : 5 2 2°08 
Tetrachloride of carbon 21 


ahi. 1 Wied. Ann. 27. 452 (1886). 
2 Trans. Chem. Soc. 68. 1089 (1898). 
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Ethyl ether 
Bi-sulphide of carbon 
Benzaldehyde 
Nitrobenzene 

Aniline 

Pyridine . 
Phosphorus trichloride 


mnrenwmnnnr 
Ewe SHSGHF 
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and a large number of esters. 

Anomalous values of k (lower and varying with the temperature) 
are given by the alcohols (1:0 - 1°6), organic acids (*8 — 1°6), acetone 
(1°8), propionitril (1°5), nitro-ethane (1°7), methyl-urethane (1°6), 
valeroxime (1°7), water (0°9-—1°2). To obtain the normal yalue of 
the temperature coefficient for these liquids their molecular weight 
must be raised—that is, association of molecules must be assumed. 
But it does not appear possible in the present state of our knowledge 
to conclude satisfactorily the degree of association from the divergence 
from the normal value. 

The rule of Eétvés can be derived theoretically in the following 
way. The work required to bring a molecule from the interior of a 
liquid to the surface layer, is the same as that required to bring it 
from the surface layer into the vapour space.? The first magnitude 
is proportional to the molecular surface energy, the second to the 
molecular heat of evaporation ; it follows therefore that these two 
magnitudes must be proportional, the ratio depending on the units 
chosen. Now we have seen above that, according to the theory of 
corresponding states, the quotient of molecular heat of evaporation 
and temperature must be the same at the same reduced temperature 
for all liquids; this must therefore also be true for the quotient of 
molecular surface energy and temperature. If we write the (empirical) 


equation (1) in the form 
eee rT: 
ee ieee 
T~*(7?-1) 


it follows that k must be ,independent of the nature of the liquid— 
this is the rule of Eétvés.? 

Hence a considerable deviation of the value of k from the normal 
value, simply means that the substance in question does not obey the 
law of corresponding states; association can only be indirectly 
assumed. It is also obvious, as has already been emphasised above, 
that we cannot at present calculate the degree of association from the 
deviation of k from the normal value. It appears, however, that the 


1 Ramsay and Aston, Zeitschr. phys.; Chem. 15. 98 (1894); Guye and Baud, 
ibid. 42. 379 (1903). Grummach, Drudes Ann. 15. 401 (1904); Bolle and Guye, 
Journ, chim. phys. 8. 38 (1905). 

2 Stefan. Wied. Ann. 29, 555 (1886); see also A. Brandt, Drudes Ann. 10. 
783 (1903). 

3 See further the theoretical considerations of van der Waals, Zeitschr. phys. Chem. 
13. 713 (1894). 
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value of k is only slightly affected by the inaccuracy of the theorem 
of corresponding states, but considerably by polymerisation, and this 
is why the rule of E6tvés is such a useful means of deciding the 
molecular condition of a liquid. Of course care must be taken in 
applying the rule at very low or very high temperatures (just as 
with Trouton’s rule p. 274). The above analogy between molecular 
surface energy and heat of evaporation would of course demand the 
same relations for the difference between molecular heats of liquid 
and vapour (Mc-C, p. 57) as for k. Nothing is yet known on 
this point. 

A third method that can be used to study the molecular condition 
of a liquid is given in Chapter V. of this book, in the section on rules 
of boiling-point. Linebarger’ has given an interesting study of the 
vapour pressure of mixtures, and uses the partial pressure of the 
components to decide the question whether association exists. Finally, 
it may be remarked that all the methods here quoted agree remarkably 
in showing that the majority of liquids studied are not polymerised, 
and that certain classes of bodies, such as acids, alcohols, and, in 
particular, water, form complexes (mostly double molecules) in the 
liquid state, and that the last-mentioned substances show a tendency 
to do the same in the gaseous and dissolved conditions. 

Guye* has investigated the application of the critical density to 
decide the question of molecular condition in the critical state, but 
the measurements of this quantity so far obtained are too uncertain 
to form the basis of a further step in this direction. 


Molecular Weight of Solids.—There is no method known at 
the present time which leads to a knowledge of the molecular weight 
of solids; indeed, our molecular conceptions on the nature of the 
solid state are very vague (p. 241). The case is somewhat more 
hopeful with dilute solid solutions, and perhaps Avogadro’s law can be 
applied to them (p. 164). 


The results obtained in the last-mentioned way are not free from 
objection ; see Nernst,® Kiister,* Hoitsema,’ Wiirfel,® Bodlinder.” 


1 Amer. Chem. Journ. 17. 615, 690 (1895). 

2 Compt. rend. 112. 1257 (1891) ; ; more fully, Thése, Paris oe 
3 Zeitschr. phys. Chem. 9. 137 (1892). 

+ Ibid. 1B. 445 (1894) ; 17. 357 (1895). 

5 Ibid. 1'7. 1 (1895). 8 Dissertation, Marburg (1896). 

7 Newes Jahrbuch f. Mineralogie, Beil. 12 (1898). 


CHAPTER IV 
THE CONSTITUTION OF THE MOLECULE 


Allotropy and Isomerism.—tThe properties of all substances vary 
with the external circumstances under which they are studied. Those 
external conditions which exert the greatest influence upon the 
physical and chemical conduct of substances are the temperature and 
the pressure; also, according to circumstances, the properties are 
modified in one way or another by magnetisation, electrification, Ulumina- 
tion, ete. In describing the behaviour of a chemically simple substance, 
it must always be stated what the external conditions are under 
which it is studied. 

Further, under all circumstances the properties of any two 
substances having a different chemical composition, are different: if 
only one atom in the molecule be replaced by another, even then 
there is a difference in both the physical and the chemical behaviour 
of the compound; but this change is a variable quantity. Those 
atoms which can replace each other in the molecular group without 
occasioning a deep-seated change in the whole behaviour of the com- 
pound, are said to be related chemically. A number of such related 
groups of elements have been already pointed out in the vertical 
columns of the periodic system (p. 180). Although the change in 
the properties of a compound, when one atom is replaced by one of 
another element of similar behaviour, may be very slight, yet it is 
definite in all cases; two substances which behave alike in all their 
properties must have the same composition. 

But the converse of this is by no means true; viz. that two 
substances which conduct themselves differently under the same 
external conditions have a different composition. This is neither true 
of elements nor of compounds, as has been already seen in the 
capacity of substances to assume different states of aggregation under 
the same external conditions. It is also known that many elements 
exist in the solid state, in different modifications, called “allotropic 
forms.” Phosphorus is an element known to us in two modifications, 
called the yellow and the red; and these varieties are so different 
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under the same external conditions, both in their physical and in 
their chemical behaviour, that one might easily believe that they 
were two essentially different substances. Carbon occurs in nature 
in the forms of the diamond, of graphite, and of so-called amorphous 
carbon. Sulphur appears in crystalline forms of the orthorhombic and 
the monoclinic system, according to the method of formation, etc. ete. 

We do not certainly know the reason for the difference between 
the allotropic forms of solid elements, but the probability, in the 
light of the atomic hypothesis, is very strong that the atoms unite 
either with a different number in the molecule, or with a different 
mode of union. To be sure, certain proof for this supposition is 
wanting at present, since hitherto it has been impossible to obtain a 
glimpse into the molecular constitution of solids. 

More often we find the case where a chemical compound can occur 
in different modifications, not only in the solid state, but in all the 
states of aggregation. Such compounds are called isomeric.1§ The 
molecular hypothesis has done much good work in explaining these 
eases of isomerism, by showing how to obtain new examples of 
isomerism; and, on the other hand, it has repeatedly been found 
in the history of theoretical chemistry, that the attempt to explain 
new isomeric phenomena has led to a bold extension of the molecular 
hypothesis, which, in turn, reacted in new requirements on experi- 
mental research. 


These are some of the points in the history of the knowledge of vsomerism, 
which is, at the same time, the history of constitutional theories: in 1823 
Liebig remarked that the silver fulminate analysed by him had the same 
constitution as the silver cyanate discovered by Wohler in 1822; in 1825 
Faraday found that benzene, discovered by him, agreed in composition with 
acetylene ; and in 1828 Wohler succeeded in directly converting one isomer 
into another, namely, ammonium cyanate into urea. The number of cases 
of isomerism grew very rapidly ; in 1832 Berzelius discovered the isomerism 
of racemic and tartaric acids, and very many instances were discovered in 
organic chemistry, especially after the theoretical explanation had been 
given. The most striking advance towards the development of stereo- 
chemistry of carbon was the investigation of Wislicenus on isomerism in 
lactic acids (1871), and that of fumaric and maleic acids in 1887, whilst 
the first experimental material discovered for stereo-chemistry of nitrogen 
was in the isomerism of benzil-dioxime discovered in 1882 by Goldschmidt, 
and in 1888 by V. Meyer and Auwers. In 1891, Le Bel discovered the 
first example of optically active pentad nitrogen. 


The Constitution of the Molecule.—The question may now be 
asked at once, whether or not the differences in the properties. of 
isomeric compounds are based upon a difference in the size of the 
molecule ; 7.¢. whether the atoms unite to form the different molecules 
‘in the same relative proportions, but not in the same number. 


1 Oxygen and ozone form an example of isomerism amongst the elements. 
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Experience shows that this circumstance often explains some material 
differences, but by no means can it explain all cases of isomerism. 
For, on the one hand, there are isomeric substances having the same 
per cent composition and different molecular weights, as acetylene 
C,H,, and benzene C,H, (isomerism in the broader sense of polymerism) ; 
and, on the other hand, there are isomeric substances with physical 
and chemical properties clearly distinct, and these are found especially 
in the carbon compounds, which have both the same per cent composi- 
tion and the same molecular weight (isomerism in the special sense of 
metamerism). ; 

The existence of metameric compounds at once gives us a chance 
to frame more definite conceptions regarding the mode of union of the 
atoms in the molecule; it at once excludes the supposition that the 
atoms can unite in a chemical molecule in all conceivable positions 
with reference to each other, like the molecules in a homogeneous 
liquid mixture. For otherwise, just as by bringing together definite 
quantities of different substances—e.g., water and aleohol,—there can 
result only one physical mixture of definite properties, so also by 
the union of a certain number of atoms of different elements into 
a molecule there could, in that case, result only one chemical com- 
pound, having the same properties; and thus the formation of 
metameric compounds would be impossible. 

Therefore it must be assumed that certain forces are exerted 
between the atoms in the molecule, which determine the relative posi- 
tions of the atoms; also that the relative positions of the atoms can 
vary with the mode of union of the atoms with each other. 

The differences shown in the physical and chenucal behaviour of metameric 
compounds, must thus be ascribed to differences in the arrangement of the 
atoms in.the molecule, or as is said, to differences in the constitution of the 
molecule. 


The Chemical Forces.—At present scarcely anything definite is 
known about the nature of the forces which bind the atoms together 
in the molecule and which hinder them from flying apart in con- 
sequence of the heat motion, or their laws of action; but there are 
many reasons which lead us to suppose that these forces, like the 
forces in the explanation of capillarity and related phenomena, act 
only in the immediate neighbourhood of the atoms, and diminish 
in strength very rapidly as the distance from the atoms increases. 

Further, in order to explain the various capacities for reaction of 
the elements, and the various degrees of stability with which the 
atoms are linked together, we must’ assume that the mutual action of 
the atoms varies greatly with their nature; and in order to explain 
the fact that atoms of the same sort unite to form molecules, we must 
assume that chemical forces are active between the atoms of the same 
element, and vary very much with their nature. 
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The answer to the question, how these forces vary with the react- 
ing elements, is rendered exceedingly difficult from the fact that in 
the great majority of cases we have to explain, not a single exchange, 
but the sum total of several exchanges. Thus in the formation of 
hydrochloric acid, 


H, + Cl, = 2HCI, 


we find that the reaction is determined not only by the affinity 
between hydrogen and chlorine, but that before a single atom of the 
reacting elements can enter into the exchange, the bonds holding the 
two atoms in the molecules H, and Cl, respectively, must. be loosened. 
When the reaction takes place .from left to right in the sense of the 
preceding equation, as happens at temperatures not too high, then it 
works against the affinities holding two hydrogen atoms and two 
chlorine atoms together, and tends to come to rest with the affinity 
between hydrogen and chlorine predominant. But when the reaction 
takes place from right to left, as happens at high temperatures, then 
it works against the affinity between different kinds of atoms, and 
tends to come to rest with the affinity between atoms of the same 
sort predominant. And the case is similar in almost all reactions 
which are carefully studied, so that it is very rarely that the course 
of the reaction can enable us to draw any certain conclusion on the 
intensity of the chemical forces. The affinity certainly changes with 
the external conditions of temperature and pressure in all cases, 
although it may be very different in degree; but we usually are 
entirely ignorant as to the cause. Thus, in the preceding case, we 
cannot state how the affinity changes between the like and the unlike, 
with the temperature ; we can merely conclude from the course of the 
reaction, that at lower temperatures the affinity between unlike atoms 
prevails, and at higher temperatures that between like atoms. 

In order to obtain a deeper insight into the manner of the action 
of the forces of affinity, it is, of course, necessary at first to direct our 
attention to those reactions where the simplest conditions find expres- 
sion. ‘This is found in those cases where a complex molecule breaks 
up into simpler ones (dissociation), or conversely where several simpler 
molecules condense into a more complicated one (addition). In such 
a case the chemical change occurs either against, or with, only one 
affinity. The simplest case is where two elementary atoms unite 
to form a single molecule, or conversely where a diatomic molecule 
of an element breaks up into its atoms; as is the case, for example, 
in the dissociation of iodine vapour ; thus 


L=I+1 


The study of the conditions under which these reactions come to a 


pause will throw some light on the affinity between the elementary 
atoms in question. 
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The Doctrine of Valence.—Without framing any definite con- 
ception of the nature of chemical affinity, it is possible to consider the 
mode of union of the atoms in the molecule, according to a certain 
scheme, which not only gives us much general information on the 
classification of chemical compounds, but which also serves to make 
their capacities for reaction intelligible in many respects, and also 
renders it easy to remember them. 

Much observation has taught us that often certain elements and 
radicals may replace each other without occasioning a deep-seated 
change in the properties, and especially in the reaction capacity of the 
molecule. Thus in many instances it is possible to replace a hydrogen 
atom in a molecule, by an atom of F; Cl, Br, I, Li, Na, K, ete., or by 
certain radicals as NH,, NH, CH,, C,H,, C,H,, always to be sure 
with some associated change in the physical and chemical behaviour 
of the compound, but never entirely destroying the clearly expressed 
similarity between the new and the original compound. ‘The experi- 
ence based on an enormous amount of observation is embraced in the 
statement that such elements or radicals are chemically equivalent. 

Some other similarly chemically equivalent elements are O, Mg, 


Zn, Ca, Sr, Ba, etc. ; these, as a rule, easily replace each other, and 


in such a way as not to change radically the whole habit of the 
compound, A number of such groups of elements are given in the 
vertical columns of the table on p. 180. 

A further observation has been made, that elements which are not 
of the same equivalent group can replace each other, but not in such a 
way that an atom of one sort can replace an atom of another sort in 
the molecule ; but the replacement takes place so that in the place 
of a certain number of atoms of one group, there are substituted a 
different number of atoms of another group. Thus two atoms of H, 
Li, Na, F, Cl, etc., can usually replace one atom of O, Mg, ete. 

In this way it is possible to compare the chemical value or valence 
of the elements belonging to the different groups, and to make a 
quantitative determination of this.\ Since no element is known where 
more than one of its atoms are required to take the place of an atom 
of hydrogen, the valence of this latter element is assumed as standard ; 
and, accordingly, hydrogen and the related elements are said to be 
univalent ; then oxygen and the related elements are bivalent, phosphorus 
is trivalent, carbon, silicon, etc., are quadrivalent, and the like. 

It is usually assumed, in order to explain these relations, that the 
chemical force of the elementary atoms does not act equally in all 
directions in space-—like the attraction of a gravitating mass-point, 
or the mutual attraction of the molecules of a liquid—but rather 
that the affinity is entirely, or at least chiefly, active in certain directions ; 
according to this view, the number of these directions or rays corresponds 
to the chemical value (valence) of the atoms. Thus the chemical force 
of hydrogen acts in one direction, that of oxygen in two, that of 


ee 
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carbon in four, etc. The union of the atoms in the molecule is to be 
conceived of thus: the outgoing line of force of one atom coincides 
with one from another atom; or in other words, the valences of the 
different atoms mutually and oppositely satisfy each other. 

By such conceptions as these it is possible to obtain a general 
view, if not of all the possible compounds, at any rate of those which 
are formed most readily, and which are characterised by great stability. 

Thus two univalent elements, as hydrogen and chlorine, or two 
bivalent elements, as calcium and oxygen, will unite, in the sense of 
what has preceded, and in harmony with experiment, in very stable 
forms in such compounds as the following : 


H—Cl and Ca=0O. 
The uniting dashes, as commonly used, represent the force-lines 


which anastomose into each other. Similarly we can explain the 
ready formation of such molecules as 


H 
it | 
NCH or H—C—H, 
H | 
H 
and also molecules composed of the same kind of atoms, as 
H—H, O=0O, 


and the like; for it is to be expected that the same scheme will be 
used to explain the constitution of molecules composed of like, as 
of those of unlike, atoms. Regarding the saturation capacity of the 
yalences, it must be supposed that each valence is satisfied by another 
valence, whether it be from the same kind of element or from a 
different kind, although there do occur very pronounced quantitative 
distinctions in the complete saturation of the linking of the atoms. 


The Dualistic and the Unitary View.—It must be admitted 
that, according to previous experiments, the power of saturation of 
valences is almost unlimited, that as all ponderable matter produces 
mutual attraction regardless of what its character may be, so also two 
valences can unite their lines of force under certain circumstances what- 
ever the atoms may be from which they arise. On the other hand, the 
intensity of this action is in the highest degree dependent on the 
nature of the two atoms and also on the number and character of the 
other atoms present in the molecule. It is, therefore, remarkable that on 
the whole the atoms and atom complexes comparable to them in 
behaviour (radicals) may be placed.in two groups, between which a 
polar distinction is recognisable. Whilst the atoms and radicals 
belonging to either group are more or less indifferent to one another, 
the members of one group show marked affinity towards those of the 
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other group. Hydrogen, the metals, radicals such as NH,, ete., belong 
to one group ; halogens and other nonmetals, further radicals such as 
OH, SO,, etc. belong to the other. 

The existence of a polar contrast in their chemical action is 
undoubted, and will be explained more clearly in the subject of 
electrolysis, where it will be shown how the representatives of the first 
class (positive) “‘wander” to the cathode, and those of the second 
class (negative) to the anode. It was the discovery of these which led 
Davy, and especially Berzelius (1810), to the advancement of the 
electrochemical theory; this regarded the undeniable dualism in 
mutual affinity, as the guiding star of chemical investigation, and 
compared the polar contrast to that between the positive and negative 
electrostatic charges. 

But very soon it appeared that it was impossible to carry out this 
supposition ; for, apart from the faulty consideration of the physical 
side of this question implied in the theory, which shows the premises 
to be inadmissible, there are well-known chemical processes which 
occur in distinct contradiction to an exclusively dualistic conception. 

For on that basis, how can one explain the mutual and very active 
capacity for union shown by two atoms of the same sort, and illus- 
trated in the molecules of many elements, as H,, O,, Cl,, ete.? Or 
how explain the abnormal behaviour of carbon, which can unite firmly 
with such characteristically positive and negative elements as hydrogen 
and chlorine ? 

Instead of drawing the conclusion that, in chemical action, apart 
from the polar forces (analogous to electric attraction and repulsion), 
there is some other force acting simply (like the Newtonian attraction 
of ponderable matter) which must be taken into account, the tendency 
has been for a long time, and also is at present, to develop a one-sided 
unitary theory in opposition to the one-sided dualistic theory of 
Berzelius; this is easily explained by the historical consideration 
that the dualistic view was unsuited to the treatment of the carbon 
compounds, which form the subject of the flourishing department of 
organic chemistry. It seems that at the present time, when the 
phenomena of electrolysis are again exciting great interest, the dualistic 
theory is being justified, and we are gaining a deeper insight into the 
“positive” or “negative” behaviour of many elements or radicals—a 
conception which is indispensable also to the modern chemist. 


The Variability of Chemical Valence.—The great variety of 
chemical transformations are explained by the fact that the properties 
of the chemical forces vary with external conditions of temperature 
and pressure, with the presence of other substances, and finally and 
especially with the nature of the atoms concerned in the exchange. 
It may be regarded as the chief problem of theoretical chemistry, to 
express numerically the dependence of affinity on these factors. How 


eS ee 


CHAP. IV THE CONSTITUTION OF THE MOLECULE 285 


far this problem has been solved will be considered under the subject 
of the ‘‘ Doctrine of Affinity”; we will here only anticipate what is 
most important from the standpoint of the doctrine of valence. 

Both the number of valences acting from an atom in a molecular 
group, and the intensity with which each one preserves the integrity 
of the union, vary within certain limits. There has hardly ever been 
any doubt regarding the latter [i.c. the variation of the intensity of 
the valences]; but the attempt to maintain the doctrine of a constant 
valence was very general till recently; for to explain the cases in 
question, it was urged, on the one hand, that certain valences remained 
unsatisfied, when an atom used less valences than were allotted to it; 
and, on the other hand, the conception of “molecular compounds ” was 
advanced to account for the possibility of the existence of those mole- 
cular complexes where the number of effective valences seemed too 
small to explain their constitution. 

We cannot discuss here how far in this method of investigation 
mere words helped on the faulty conceptions of the nature of valence ; 


but, at-all events, the fact remains that all chemical compounds cannot 


be arranged under the structure plans of the accepted chemical rubric, 
and also that nothing else primarily remains but to give careful atten- 
tion to any change in the chemical valences, since this implies no 
especial encroachment on the significance of valence in systematic 
chemistry. 

At all events, in the case of many compounds, where at first 
glance the number of active valences appeared to be too small, it later 
appeared possible to devise a constitution formula which harmonised 
well with the doctrine of valence ; this is shown in the structure-plans 
of the so-called “unsaturated compounds,” which maintain the four- 
valence theory of carbon. The simple device which here brought about 
the desired result consisted in making the well-known assumptions, 
that several valences may be mutually satisfied between any two carbon 
atoms, and that the carbon atoms also can form rings. This assump- 
tion has been accorded great triumph both in theory and in experiment. 

But such results as these, for which we are indebted to the applica- 
tion of the doctrine of constant valence, must not therefore blind our 


eyes to the fact that there are many things which appear, at least 


temporarily, to be unexplained by this same view. A brilliant example 
of this is shown in a recent discovery of Nilson and Petterson,! who 
proved that three chlorides of indium can undoubtedly exist in the 
gaseous state, viz... 


a Cl 
VON aa 
In—Cl, Ins ep Tn < 
Even among the carbon compounds change of valency is to be found, 
although it is rare. 
1 Zeitschr. phys. Chem. 2. 669 (1888). 
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As a matter of fact, the considerations of the kinetic theory of 
gases lead to the result that we should hardly expect to find such 
simple conduct as is implied in the doctrine of constant valence. ‘The 
so-called stability of chemical compounds, accordingly, appears to be 
the resultant of two opposing forces, one of which, the chemical force 
proper, tends to hold the atoms in the molecular group, while the 
other, controlling the atoms by heat motion, strives to break the 
molecule apart. It is probable that the latter force changes, and 
probably increases with the temperature. Of the former we know 
nothing, and nothing can be stated regarding its variation with the 
temperature. The more the chemical force preponderates, the more 
stable will the compound be. 

Here we meet with relations which are comparable with those 
considered in the kinetic theory of liquids (p. 212). The vapour 
tension of a liquid (which results from the concurrence of the forces 
which control the heat motion of the molecules, and those forces 
which exert an attraction between the molecules), can be regarded 
as a standard of the capacity of the liquid to be vaporised. So in 
the same way, the capacity of compounds for dissociation, and for 
chemical reaction also, can be regarded as conditioned by the con- 
currence of analogous forces. Thus the well-known dependence of 
the stability of molecular groups upon the external conditions of 
temperature and pressure is at once explained on the basis of these 
considerations. The laws which prevail here will be thoroughly 
considered in detail in the section on the Doctrine of Affinity. 

Thus we can. easily account in this way for the numerous instances 
observed of the variation of the chemical valence, by supposing that 
the heat motion of the atom within the molecule may cause some 
particular lines of force, called valences, to vanish. 


Molecular Compounds.'— More difficult to explain than the 
occurrence of unsaturated valences, or, in other words, of atoms 
employing less valences in many compounds than the normal number, 
is the formation of those well-characterised chemical compounds where 
more valences appear to be active than can be ascribed to the atoms 
in question in any of their other relations. 

Water, and also many salts, must be classified under the com- 
pounds which are completely saturated, in which no more free valences 
are available for use in uniting with other atoms; yet, in spite of 
this, salts containing water of crystallisation: are obviously chemical 
compounds which are built up in accordance with the rules of multiple 
proportion. The phenomenon of water of crystallisation is analogous 
to that where many salts crystallise together as double salts in 
stoichiometric proportions. _ 

Methyl ether is able to unite with a molecule of hydrochloric 


1 See A. Naumann, Die Molekiilverbindungen (Heidelberg, 1872). 
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acid, which is in striking contradiction to the well-developed valence 
theory of organic compounds. 

If we regard oxygen as regularly divalent, then the existence of 
the molecules (H,O), is unexplained, and yet we cannot hesitate to 
assume the existence of molecules of this size both in water vapour 
and also in solutions. 

Molecular complexes of this sort, occasioned by the union of satur- 
ated compounds, are called “molecular compounds.” It is assumed on 
the basis of the valence doctrine, that the components of this aggregate 
retain to a certain extent their individuality in the new complex, and 
that the binding force does not inhere in force lines passing between 
the single atoms, but that the union centres in the attraction of the 
original molecules acting as units. 

In recént times many attempts have been made to bring molecular 
compounds under a valence scheme by assuming the existence of forces 
between molecules analogous to those existing between atoms; no 
satisfactory result has yet been arrived at. It seems to me that all 
these attempts are wrong in one particular. We must, namely, make 
a sharp distinction between compounds which only exist in the solid 
state, and at once decompose on solution or evaporation, and com- 
pounds which can also exist as gases or in solution. It is quite possible} 
that compounds belonging to the first category are simply formed 
by the interlacing of the different crystals of the components; we 
should thus obtain complexes obeying the laws of constant and 
multiple proportions, but not calling into play any particular valence 
action between the components. But if the molecules of a compound 
also exist in the gaseous condition or in solution (in the amorphous 
condition generally), we are forced to assume some valence action 
which holds together the complexes, for otherwise the heat motion of 


_ the molecules would cause the components to separate. 


A remarkable attempt of A. Werner’s to systematise molecular 
compounds will be dealt with in Chapter VII. 


The Compounds of Carbon.—The valence doctrine has been 
hitherto applied almost exclusively, but with great and undoubted 
results, to the carbon compounds, or the so-called organic compounds ; 
and thus it has been already done, or it is already possible, to construct 
for every actual compound, whose reactions are known toa fairly 
satisfactory degree, a structure scheme which represents the quint- 
essence of its chemical reactions. The reason of this is to be found in 
the fact that the theory of valence here found, in the abundance of 
material and the great variety of behaviour, ample opportunity for an 
experimental “baptism by fire”; but the great development of 
organic structural chemistry is to be explained, as far as we know, 
from the fact that the behaviour of organic compounds is actually 


1 See Sohncke (Zeitschr. f. Krist. 14, 417 and 426 (1888)). 
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much simpler than that of other groups, and also that carbon surpasses 
other elements in its more regular behaviour, and in the great variety 
of its compounds. 

The quadrivalence of carbon is the basis of organic structural 
chemistry ; after the preparatory work of Frankland, this was dis- 
tinctly emphasised by Couper and Kekulé contemporaneously (1858) ; 
its fruitfulness was recognised and proved by the latter in particular. 

If one imagines the hydrogen atoms as in the formula 


H 


| 
ey 


| 
H 


to be substituted by other atoms or radicals successively, or two 
hydrogen atoms to be replaced by one divalent atom or radical, and 
so on, it is possible to represent structure formulz for the whole host 
of carbon compounds ; and these formule cannot only be regarded as 
possible, but they also will disclose, to those who are familiar with the 
language, much regarding the reaction capacities and the physical 
properties of the compounds in question. 


The Peculiarities of the Carbon Compounds.—The very fact 
that there is an “organic chemistry ” gives rise to the question, What 
are the peculiarities which so characterise the compounds of this 
branch of chemistry, that they receive a special method of treatment, 
a treatment which is distinct from the general domain of chemistry, 
not only on the part of the teacher, but also on the part of the 
investigator ? We are not here taking into account the fact that the 
materials of organic chemistry claim the interest of the animal and 
plant physiologist in particular, and are of particular value for the 
physician and technologist,—a circumstance which, though perhaps 
external and casual, has nevertheless a most impressive significance. 
We will rather inquire after the causes which make the organic com- 
pounds, in their physical and chemical behaviour, actually appear so 
different in many respects from other compounds. 

It is doubtless carbon itself which stamps its character on the 
“chemistry of the carbon compounds.” We must consider carefully 
to what extent this element occupies a special position. The following 
items are from a statement of van’t Hoff.} 

1. The quadrivalence of carbon necessitates an enormous number 
of derivatives of a carbon compound. 

2. The capacity of carbon atoms of uniting with each other 
in very many ways, allows the possibility of the greatest variety of 
combination. 


1 Ansichten iiber die org. Chemie, I. p. 34 ff. ; IL. p. 240 ff. (Braunschweig (Bruns- 
wick), 1881). 
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3. The position of carbon, standing as it does between positive 
and negative elements, invests it with a peculiar capacity for uniting 
with the most different elements, as hydrogen, nitrogen, oxygen, 
chlorine, ete. To this is due the property of adapting itself alternately 
to the processes of oxidation and reduction, which have such signifi- 
cance in animal and plant life. If we consider the first horizontal row 
of the periodic system (p. 180), 


fee. Be ON ©. F, 


we find carbon well balanced between the affinity extremes; for the 
elements to the right are emphatically negative ; and those to the left 
are emphatically positive in character. Moreover, the temperature 
clearly exerts an influence, for at high degrees of heat the affinity of 
carbon for oxygen grows, and it is emphatically positive itself ; possibly 
a lowering of temperature might act in the inverse way. 

4. According to the style and manner of the saturation of three of 
the carbon valences, the fourth will have a decided positive or negative 
character, or something intermediate; thus the free valence of the 


following group is usually negative, 


but that of the methyl group, 
H=C—, 
is most nearly comparable to hydrogen in its reaction value, and is 
distinctly positive ; finally, the cyanogen group, 
N=C—., [or C—N—, TR. ], 
may be at times positive or negative in reaction. 

5. Another characteristic property is the iertia of the carbon 
compounds, and the slowness of reaction associated therewith, which 
characterises organic chemistry where carbon compounds come into 
play, and which, therefore, is found exhibited in the life activity of 
plants and animals. Thus it is probable that the existence of the 
compound 


BCT. 
its analogous hydrogen compound being unknown, viz. 


H 


Zing 
H 
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is to be explained, not by the greater affinity of the methyl groups 
for zine as compared with hydrogen, but rather in that the former 
compound decomposes much more slowly than the latter. Further, it 
is well known that many carbon derivatives are more stable than the 
mother substances; thus methyl sulphonic acid CH, * SO, * OH is 
much more stable than sulphurous acid H - SO, ‘OH; also esters of 
the unstable ortho-carbonic acid are known, ete. 

This same inertia renders it possible to build on to molecules, the 
arrangement of which is very artificial, so to speak, and therefore un- 
natural; by a more or less energetic blow, there occurs a transforma- 
tion to a more stable form, and a closer union of the atoms. Usually 
there is a great quantity of energy set free in this, and the rearrange- 
ment leads to an explosion, which in turn leads to the dissolution of 
the molecule ; in this way we find the explanation for the large number 
of explosive compounds produced in organic chemistry. 


The Methods for the Determination of the Constitution.— 
The great development of organic chemistry and the extraordinary 
experimental results, for which we are indebted to the most deliberate 
application of the conception of the “constitution of the molecule,” 
prove, in a most striking way, how fortunate the application of this 
idea has been. In what follows I have tried to represent, in brief, 
according to van’t Hoff, the principles which guide the organic chemist 
in representing the structure of organic compounds. 

1. The composition of the compound, which is known to be pure, 
must first be ascertained from an analysis, and from a molecular weight 
determination by some one of the methods described in Chapter III. 
Next, in the attempt to trace the method of wnion of the atoms in the 
molecule, attention must be given to the valence of the atoms entering 
into the compound in question ; thus carbon has a valence of four, 
nitrogen of three or five, oxygen of two, hydrogen and the halogens 
of one, etc. ; this gives a foothold, so that the number of conceivable 
formulz is seen to be very limited, and the more limited according as 
the number of valences of each element is more constant. 

2. The method of preparation of the unknown compounds from those 
of known constitution, or conversely the transformation of the former 
into the latter, gives a still better grasp of the subject. It may be 
assumed in many cases that the new compounds have a constitution 
which is related to that of the original, and this is the more probable 
when the change and the retransformation occur easily, and when the 
changes of energy associated with the decomposition are very slight. 
The peculiar inertia of the carbon compounds, which gives the chemis- 
try of this element its peculiar character (p. 289), in certain cases 
justifies the assumption that the number of old valences discharged, or of 
new ones attached, is reduced to a minimum. This method of deter- 


1 Ansichten iiber die org. Chem. (Brunswick, 1881). 
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mining the constitution is altogether the most reliable, and the one 
most commonly employed. On account of the readiness with which 
the valences in inorganic compounds are accustomed to change their 
voles, this method is almost entirely limited to the carbon compounds. 

3. On the basis of a very extended experience, showing that the 
reaction capacity of certain atomic groups, as OH, CO, C,H., NH,, 
etc., usually remains unchanged, irrespective of the composition of the 
rest of the molecule, one may make certain inferences regarding the 
existence of these groups in the molecule from the reaction capacity 
of the compound. This is the Principle of Analogous Reactions. 

4. A very elegant principle consists in the investigation of the 
numbe: of isomeric derivatives, Thus, by ascertaining how many new 
compounds can result by the same sort of substitution, as of a 
hydrogen atom by a chlorine atom, one may safely infer whether the 
variously substituted atoms exert the same functions in the molecular 
group or not. Thus the existence of only one phenyl-chloride, 
C,H, . Cl, led to the recognition of the identical union of the hydrogen 
atoms in benzene. Similarly, the discovery of three hydroxy-benzoic 
acids necessitated the distinction between the ortho, para, and meta 
positions, which is of fundamental significance in representing the 
structure of benzene. See also the discussion on p. 296 regarding the 
number of methylene chlorides. 

5. From the degree of readiness with which a cleavage product is 
formed from a compound, a probable conclusion may be drawn as to 
the contiguity of the components of the separated products in the 
molecule of the original compound. Thus, other things being equal, 
the nearer together that the hydroxyl group and the hydrogen of the 
detached water molecule are in the original compound, so much the 
more readily can an anhydride be found. It will be seen later what 
important service has been given to stereochemistry by this principle of 
intermolecular action. 

6. Sometimes certain elements or radicals, in the molecule, exert 
a mutual influence on their aptitude for reaction: This will be manifested 
more clearly, as the reacting atoms are nearer to each other. From 
this aptness of reaction of particular atoms or radicals in a compound 
of unknown constitution, one may make some inference as to their 
respective distances from each other, and thus get a starting-point for the 
representation of their structural formule. Thus various atoms and 
radicals, according to their position in the molecule, exert a very 
remarkable influence on the reaction capacity of the acid hydrogen 
atoms in organic acids. 

7. All isomeric Aen pouty are distinguished more or less by their 


Ss properties, such as the melting-point, the boiling-point, the density, 
the refractive index, etc. ; and the constitution is no less a standard 


1 For a very interesting | summary of this line of argument see Remsen, Zheoret. 
Ohem. 4th edit., chapter xix.—Tr. 
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factor than the composition in determining the respective physical 
conduct. Thus, when we have found a connection between the con- 
stitution and the physical properties of a large number of compounds 
which are known to be related in their structure, then conversely from 
the physical properties of an unknown compound, we can safely draw 
some inference regarding its constitution. Usually such relations as 
these, as for instance the connection between the constitution and the 
refractive index, are of a purely empirical nature, and the safety with 
which they may be employed in any given case will depend simply on 
the number of the analogous cases. But others of these relations, 
such as ¢.g. that between constitution and optical activity, rest on a 
firmer theoretical basis, and we may make use of them with a very 
considerable degree of confidence. The material thus far discovered 
in this direction is collected in the following chapter. 


Benzene Theory.—By means of the methods described, it is 
possible to ascertain with great certainty the constitution of a daily 
increasing number of carbon compounds. These constitutional formule 
so obtained are of great importance even for those who would entirely 
abstain from all molecular-theoretical speculations, for they represent, 
in a very condensed form, the kernel of many and various empirical 
observations, and he who is skilled in reading this symbolism, learns 
very much regarding the nature of the compound, from what is 
expressed through the formula. 

Thus if we consider, for instance, the constitutional formula of 


phenol, 
H 


| 
) 
© 


at first glance it is apparent that one hydrogen atom will react 
differently from all the others, since it can be substituted quite readily 
by a positive radical; also that in substituting any one of the other 


hydrogen atoms by a univalent atom or radical, it is possible to obtain - 


any one of three isomers, according to the location of the substitution ; 
also that a dissolution of the ring union would be accompanied by a 
fundamental change in the molecular structure, etc., etc. 
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The three isomers that can be formed by replacement of a 
hydrogen atom directly combined with carbon in phenol and analogous 
compounds are distinguished as ortho- meta- and para-compounds, 
but, strictly speaking, the number of cases of isomerism should be 
greater ; for example, a difference should exist between substitution 
of the two atoms next the hydroxyl group in phenol. The fact that 
this case of isomerism has not been realised has led to many explana- 
tions and to the suggestion of many modified forms of Kekulé’s 
benzene formula. Quite recently a modified view of the nature of a 
double link has been developed which is worth inserting here. 

It has often been remarked that the expression “double link” 
and the symbol for it, C=C, corresponds but little to the actual 
behaviour and does not lend itself to calculation of the characteristic 
peculiarities of the double bond, its instability and its tendency to 
addition products. J. Thiele? has offered an extension of the concept 
of a double bond which certainly brings in a new hypothetical 
element, but is well suited to bring together a number of observed 


facts. He believes that, in the formation of a compound with a double 


—— a Sl Ul eee 


at 


bond, only partial saturation of the two valencies occurs. Thiele found 
the strongest support for this belief in the behaviour of the so-called 
conjugate double compounds. When a hydrogen or bromine molecule 
is added to the atomic complex C= CH -CH=C, the result is not 
the elimination of one double bond by formation of a group like 
CBr — CHBr - CH =C, but both disappear, and another double bond 
appears in the middle instead ; thus we get CBr - CH = CH — CBr. 
This is difficult to understand according to accepted views. Thiele 
assumes that the affinities are not completely used up in the formation 
of a double bond, but that a residue of affinity or partial valency 


remains in each atom. The two neighbouring partial valencies 


saturate each other mutually, whilst the extreme one remains un- 
saturated and capable of forming addition products. He writes the 
following symbol for it :— 


C=CH—CH—C 


The addend is attached to the carbon atom with the free partial 
valencies, and hence the product BrO-CH=CH-CBr. | Other 
phenomena of addition that have been noticed in the aldehydes, 
quinone, benzyls, and so forth, are explained in a similar manner. 

An especially good application of these views is to be found in 


the benzene problem. Thiele’s modification of the old formula is 
_ explained by the symbol 


1 See especially the critical study by Marckwald, Benzoltheorie (Stuttgart, 1897). 
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2 Tied. Ann. 306. 87 (1889). 
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or, if all the bonds are regarded as equivalent, by 

oy 
ea 
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| | 
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Since benzene, according to this formula, contains six inactive 
bonds, it is to be regarded as a saturated compound in harmony with 
its chemical behaviour. 

The objection made above against Kekulé’s formula disappears in 
the case of Thiele’s, on account of its complete symmetry. 

But, at the same time, experience has shown that the consti- 
tutional formule are not adequate to the complete description of 
the compounds represented. For on the one hand it appears that 
the anticipated compounds cannot in all cases be represented by the 
constitutional formule; thus the two isomers, methyl cyanide and 
methyl isocyanide (the nitril and the isonitril), are known, 


N=C—CH, and C=N—CH,, 


or more probably C = N —'‘CH, (just as in C=O and C= NOH), but 
only one hydrocyanic ‘acid is known, although there should be two, 
corresponding to the formule 


N=C—H, and C=N—H, (or C=N-H) 


In this case the constitutional formule cover too much ground, 
since fewer compounds are known than were to be expected. Yet 
this proves nothing against the formule, because it is entirely possible — 
that the desired isomer may exist, but that the proper method of — 
preparation has not as yet been found, nor the conditions suitable for — 
its existence. Also the assumption is not improbable that both mole- — 
cules may exist in the case of hydrocyanic acid, and that these two — 
forms are converted into each other so readily, that the one acid may — 
be able to react in the sense of both structural formule. (For further — 
details see Book III., chapter on Chemical Kinetics, Tautomerism.) 
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On the other hand, it would be an entirely different case if more 
isomers were known than were required by the theory, or than could be 
accounted for by it. 

The classical case is that of lactic acid. This was shown by the 
investigations of Wislicenus! to have several distinct forms of really 
different properties, all of which yet had one and the same formula, 
viz. 


CH,CH(OH)CO,H. 


It was this observation chiefly that led (1877) van’t Hoff? to bring 
forward the question, What change or extension must be introduced 
into the theory of structural chemistry in order to adapt it to all the 
observed compounds? The following abstract gives the essentials of 
the order of thought by which van’t Hoff was led to the creation of 
stereochemistry. Le Bel developed similar views simultaneously. 


The Stereochemistry of Carbon.—The fundamental assumption 
on which all the following considerations are based is that the four 
valencies of carbon are like each other in every particular. 'The correctness 
of this is shown by the negative proof that not nearly so many isomers 
are known as would be known, if one or several of the valencies of 
carbon were different. Thus, for example, only one methyl chloride 
is known; but there would be several if the mode of union with the 
chlorine atoms varied with their location. 

The question regarding the number of mono-substitution products 
has been treated very systematically by L. Henry.2 We will briefly 
indicate the course pursued by this investigator, on account of its 
great importance as the basis of stereochemistry. 

Tf we assume that the four valencies of carbon are different, then 
we must write the formula of methane thus, CH,H,,H,,H,, ; here the 
Roman numerals denote that the respective hydrogen atoms are 
united to the carbon each in a different way; then there would be 
four monosubstitution products, according to the particular hydrogen 
atom substituted. Now, let the univalent radical A replace H,, pro- 
ducing the compound CAH,,H,,H,y. We will now place A by the 
radical B, producing the compound CBH,,H,,H,,; and again in this 
latter compound introduce A, which, let us say, takes the place of 
Hy, producing CBAH,,,H,,; finally, B is replaced by hydrogen, pro- 
ducing CH,AH;;;H,,.. Now if the valencies I and II are different, 
then CAH,,H,,H,, and CHAH,,,H,, should have different properties 
[as is not the case]; and in the same way all the other valencies of 


1 Lieb. Ann. 156. 3; 157. 302 (1871). 
2 Div années dans Uhistoire d'une théorie (Rotterdam, 1877). The arrangement of 
atoms in space, 3rd edition (Braunschweig, 1908). See also A. Hantzsch, Grundriss 


| der Stereochemie (Breslau, 1893) ; A Werner, Lehrbuch der Stereochemie (Braunschweig, 
1906). 


* Bull. Acad. Belg. (3), 12. No. 12 (1886) ; 15. 333 (1888). 
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carbon were investigated. In this way Henry successively prepared 
all of the four nitro-methanes, and always obtained the same substance. 
Let us next advance the question as to the directions in which the 
four valencies radiate from the carbon atom. Now it follows from the 
likeness of the four valencies, that they must be symmetrically dis- 
tributed in space, and there are only two conceivable modes of such 
arrangement: the four valencies must either lie in a plane, intersecting 
each other at angles of 90°, or else they must be symmetrically dis- 
tributed in space as the four axes of an equilateral tetrahedron. Here 
again the isomeric forms must decide between these two possibilities. 
Thus, in the former case, by replacing two hydrogen atoms by chlorine, 
we should obtain the two following isomeric methylene chlorides, thus, 


H H 
| | 
C= Cc), and Cl—C—H ; 
| | 
H Cl 


these should be distinguished by the circumstance that in one the 
chlorine atoms are opposite each other, while in the other they are 
beside each other. On the other hand, if the four valencies are 
arranged tetrahedrally, two chlorine atoms when introduced into the 
molecule would always lie beside each other, and the conditions 
would allow of only one methylene chloride. Now, as a matter of 
fact, only one methylene chloride is known. 

The case is similar when two hydrogen atoms in methane are 
replaced by two different radicals, or when three hydrogen atoms are 
replaced by two radicals of one kind and one of another. In all 
cases, unless we assume, as is very improbable, that there are isomers 
which have not yet been observed, we are forced to regard the tetrahedron 
arrangement of the valencies in space as correct. 


Optical Isomerism.—Accepting this view then, the only possible 
case of isomerism of the substitution products of methane is found 
when three of the hydrogen atoms are replaced by different radicals, 
or expressed in more general terms, where the four carbon valencies are 
replaced by four differ end radicals [or atoms]. 

By denoting the four different atoms or radicals which satisfy a 
carbon atom, by the letters a, b, c, and d, we obtain such formule types 
as those shown in Fig. 27. 

These formule, in all probability, should correspond to two different 
compounds, because they cannot be made to coincide by super- 
position ; the difference between them is comparable to that between 
the right and left hand, or between a real object and its reflected 
image. 

A single glance at Fig. 27 shows that such isomers as these two 


i 
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must represent the slightest conceivable difference between their 
respective physical and chemical properties. The degree of separation 


_ between the atoms is the same in both cases ; thus the distance between 


a@and bis the same. The sole difference is that if we consider any 
selected angle as that marked by the radical d, then in the left figure 


the course a, 6, c is directed like the movement of the hands of a watch, 


while the corresponding order a, 0, ¢ in the right figure is in the 
inverse direction. Inasmuch as these two types, figured above, have 
no planes of symmetry, such a carbon atom, the valencies of which 


a 2) a 


Fig. 27. 


are satisfied by four different [atoms or] radicals, is said to be wn- 
symmetrical. 

In 1874 Le Bel and van’t Hoff! independently and contempo- 
raneously suggested that the right- and left-handed optically active 
isomers correspond to these two types. As a matter of fact, the 
physical and chemical properties are exactly the same, and only 
their property of rotating the plane of polarisation equally strongly 
but in opposite directions, shows that the respective substances have 
a difference in their molecular structure. This kind of isomerism is 
accordingly called “optical” ; the subject of optical rotation will be 


- further considered in the next chapter. 


This kind of isomerism usually exhibits itself in the solid state 
by occasioning the crystallisation of the two substances in two re- 
spectively opposite enantiomorphic forms (forms turned back upon 
themselves). 

The two isomers shown in Fig. 27 obviously have the same con- 
stitution, since the conditions are alike in every respect; they differ 
only in the spatial arrangement of the particular groups in the mole- 
cule, or they are said to have a different “ configuration.” 


Optical isomerism can also occur in compounds which have no particular 
asymmetric carbon atom, but whose space formule have no plane of 
symmetry, 7.e. are not congruent with their mirror images. An example of 
this kind is the optically active inosite C,H,(OH), Bonocault (Bull. Soc. 


1 See references on p. 295. 
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Chim. [3] 11, 144, 1894) assigns the following space-formule to the two 
optical isomers : 


H OH 2 OH H 
OH 2 EOE OH OH 
OH 
H H H H 
OH OH OH OH 


A second example is the optically active methyl-cyclo-hexylidene acetic 
acid, prepared synthetically by Marckwald and Meter (Ber. deutsch. chem. 
Ges, 39. 1171, 1906). 


CH, CH, 0,8 co "A 
CH; Zs Eee 2 
Se cmc ( NeeG 
i a SH ope 
CH, CH, 


Geometrical Isomerism.—Another variety of isomerism, which 
is clearly inexplicable by means of the ordinary structure formule, is 
met in the case of compounds which have a “double linkage” between 
two carbon atoms. And here again it was due especially to the 
experimental work of Wislicenus! that there was recognised a ‘dis- 
tinction between isomers of this sort, and again it was to van’t Hoff 
that their theoretical explanation was due. 

When two valencies of two different carbon atoms whatially 
satisfy each other, or, in the language of stereochemistry, when two 
corners of one tetrahedron are jomed to two corners of another 
tetrahedron, then the four free valencies lie in one plane; thus, if 
the four free valencies become satisfied by the four radicals R,, R,, Rg 
and R,, so that one carbon atom holds the first two, and the other 
the last two, then there is produced the compound 


R, R, 
RN ney 
7 

Rk, R, 


Now, according to van’t Hoff’s view, two compounds of this sort 
would be looked for, in one of which R, and R,, in the other R, and 
R,, would lie on the same side of the double tetrahedron. 

A. similar case of isomerism would also be expected when the two 
free valencies of each of the doubly linked carbon atoms become 
united to a like pair of radicals, as in the compound 


kh, R, 
Nae 
yO 

R, : 


1 Abh. d. hgl. stichs, Akad. (1887). 
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This case is illustrated in the following diagram of the isomerism 
between fumaric and maleic acids, as in Fig. 28. 

This isomerism is also very frequently satisfactorily expressed by 
the following constitutional formule, where the spatial relations are 
illustrated :— 


Maleic Acid. Fumarie Acid, 
H—C—COOH H—C—COOH, 
I hire 

H=—C=—COOH HOOC__C_H® 


It would not be expected that this variety of isomerism would 
exhibit optical activity, because the four radicals satisfying the four 


rch COOH HT COOG 


COOH H00 7 


Maleie Acid. Fumarie Acid. 
Fig. 28, 


valencies of the double tetrahedron all lie in the same plane. Also, 
since the relative degree of separation of the radicals from each other, 
as shown in Fig. 28, is not the same, the two isomers will have 
different reaction capacities, boiling-points, melting-points, solubilities, 
ete. The question of the relative contiguity of the respective groups, 
_. in any such case of which Fig. 28 is a type, can be decided by means 
of the principle of intermolecular reaction (p. 291). 

The theory suggests no new case of isomerism in the formation 
of a triple bond, or so-called “acetylene bond,” but as in the case of 
di-methylene (ethylene), so in the poly-methylenes, cases of geometric 
isomerism must occur. Considering the simplest carbon ring, 

CH 

trimethylene ./ Su , it may be seen that in the arrangement of 
CH,—CH, 

the atoms in space, geometrical isomerism must be possible by the 
entry of two substituting groups, according as they take a “cis” 
position on the same side of the plane of the ring, or a “trans” 
position on both sides of the plane. In the latter case two isomers 
are possible, forming non-congruent images; we get, therefore, 


* 
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altogether three isomers which can be understood by the following 
models :— 


R R R 7 H R H 


0 


Actually two different triethylene di-carboxylic acids have been 
observed,! one of which can probably be split into opposed active 
components. 

Cases of geometrical isomerism are also known in derivatives of 
larger rings; the investigations of v. Baeyer’s? on the reduced 
phthalic acids have been largely productive of material confirming 
this theory. Whilst no case of isomerism is known in the singly 
substituted derivatives of hexa-methylene two hexa-hydro-terephthalic 
acids are known corresponding to the formule 


CO,H H 


The first is analogous to fumaric, the second to maleic acid. 


The Stereochemistry of Nitrogen.—There has recently been 
begun, in addition to the stereochemistry of carbon, a stereochemistry 
of nitrogen, which has already led to considerable results. According 
to experiments thus far made, there are two groups of stereo-isomeric 
nitrogen compounds, which are completely analogous to the two groups 
of stereo-isomeric carbon compounds described above. 

Firstly, Le Bel? has recently prepared a compound which con- 
tains, instead of the asymmetric carbon atom, the group NX, where 
X denotes a univalent radical, the four free valencies being saturated 
by four different radicals. The compound produced by Le Bel was 
isobutyl-propyl-ethyl-methyl-ammonium chloride, which was obtained 


1 Buchner, Ber. deutsch, chem. Ges. 28, 702 (1890). 

2 Lieb. Ann. 245. 103 (1888) ; 251. 258 (1889) ; 258. 1, 145 (1890). 

3 Le Bel, C.R. 112. 724 (1891); 129. 548 (1899). [See Pope and Peachey, Journ. 
Chem. Soc. '75. 1127 (1899). ] 


CHAP. IV THE CONSTITUTION OF THE MOLECULE 301 


in an ey aes active form by means of a fungus (Pilz). It has the 
formula 
CH, 


| 
C,H,—NCI—C,H, 
C,H,. 


The activity remained even when the chlorine was replaced by the 
acetyl radical. The preceding compound seems to be completely 
analogous to the optical isomers of carbon.1 

Secondly, certain compounds were prepared before that of Le Bel, 
and were claimed to be geometrical isomers by Hantzsch and Werner.” 
These compounds can be regarded as analogous to the corresponding 
carbon isomers, by supposing the group CR to be replaced by 
trwalent nitrogen. Now, since this latter is very often possible, accord- 
ing to experiments, the inference is a direct one that the three nitrogen 
valencies do not lie in a plane, but that they occupy relative positions 
which are similar in direction, at least approximately so, to the three 
free valencies in the group CR. Therefore it follows that when two 
nitrogen valencies are bound to one carbon atom, there must result a case 
oy geometrical isomerism which is completely analogous to that described on 
p. 299, and which may be expressed by spatial formule written as follows :-— 


CR, R= Ok, 
| and | 
R,—N N—R, 


Numerous examples of this interesting variety of isomerism have 
been found among the asymmetric oximes, 7.c. compounds where the 
hydroxyl group plays the part of the radical R,. 

The question as to which of the isomers corresponds to which of 
the configurations given above, can be answered by means of the 
principle of intermolecular reaction between groups which are spatially 


contiguous. Thus one of the aldoximes, 


1S Ne 
pD>C=N—OE, 


produced by the reaction between aldehydes and hydroxylamine, 
decomposes with difficulty, but the other readily into the nitrile 
R—CE=N ; therefore the inference is drawn directly that in the one, 
the H and the OH, expelled-as water, are nearer neighbours than in 
the other; and therefore they are given the respective formule, 
viz.— 


1 See E. Wedekind, a, des Rien Stickstoffs (Leipzig, 1907). 
. 2 See references on p. 288. 
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Synaldoxime. Antaldoxime. 
R—C—H R—C—H. 
| \ 
N—OH : HO—N. 


In an analogous way the three isomeric benzil dioximes may be 
expressed by the respective formule ;:— 


RC—CR RC — CR RC — CR 


| | | | | 
HON NOH HON HON £NOH HON. 


Optically active compounds of other elements besides carbon and 
nitrogen have recently been prepared. Thus Pope and Peachy? 
prepared active sulphur and tin compounds.? Example: 


CHs 
gnZ—CoHs 
Ye H, 

Pope and Neville,*? an active selenium compound. In some eases the 
two opposite optical isomers were both obtained. 


1 Journ. Chem. Soc. '7'7. 1072 £1900). 
2 Proc. Chem. Soc. 16. 42 (1900). ® Ibid. 18. 198 (1902). 


preceding chapter; in the “doctrine of affinity 


CHAPTER V 
PHYSICAL PROPERTIES AND MOLECULAR STRUCTURE 


General Observations.—According to the views advanced in the 
preceding chapter regarding the structure theory of molecules, there 


are three circumstances which are of fundamental significance in 


determining the physical properties of any compound. These are— 

1. The chemical composition. 

2. The constitution, 7.¢. the mode of linking of the atoms. 

3. The configuration, 1.e. the spatial arrangement of the atoms. 

A change in any one of these factors occasions a more or less 
extended change in the properties of the compound. 

The knowledge of this at once suggests the problem of deter- 
mining the relations which exist between the physical and chemical 
properties of a compound, and the structure of the molecule ; this latter 
expression denotes the sum and substance of the three factors mentioned 
above. The complete solution of this problem will enable us to infer 
in every respect the behaviour of a substance from its structural 
formula ; and further, to predict the conditions for the existence of, 
and the properties of, compounds not yet prepared; and this would 


- mean the attainment of a goal, to reach which has been the chief aim 


of all chemical investigation. 

Even at present, structural chemistry, at least among organic 
compounds, has already progressed so far that the structural formula 
of a substance enables us to draw many inferences regarding its 
aptitude for reaction, as has been repeatedly mentioned in the 
**we shall also deal 
with the relations between structure and capacity for reaction. 

In this chapter will be given only the other side of the question, 
namely, that concerned with the regularities which have been found 
thus far between‘ the physical properties and the structure of the 
molecule of a substance. Naturally the question will be almost 
entirely limited to the consideration of carbon compounds, because 
thus far it is only here that we find well-grounded notions regarding 
the arrangement of the atoms in the molecule. It may be remarked 
here that salt solutions occupy in many respects a special position, 
303 
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and therefore a special chapter will be devoted to their physical 
relations. 


Specific Volume and Moleeular Volume.—By the specijic 
volume of a substance is meant the volume, expressed in ¢.¢., occupied 
by a gram; the reciprocal of this specific volume, «e, the weight of a 
unit volume, is the so-called specific gravity. It is of much advantage, 


for purely algebraic reasons, to derive the relations between the. 


density and the composition of substances from the specific volume. © 

The essentials of the determination of the specific volumes of 
gases, and their relations to the respective molecular weights, have 
been already described in the chapter on the determination of the 
molecular weight (p. 249); the simple result was obtained that the 
molecular volumes of the most different gases are the same, under 
the same external conditions. We will consider here only those 
substances which exist in the liquid and solid states. 

The specific volume of liquids can be easily and exactly determined, 
either by measuring the resistance caused by the immersion of a solid 
body of known volume (the araémeter, Mohr’s balance, etce.), or by 
weighing the liquid contained in a vessel of known volume (the pykno- 
meter). Of the many forms of pyknometer which have been described, 

that shown in Fig. 29, which was designed by 

Sprengel and modified by Ostwald, is at once the 

simplest and the most convenient. It consists of 
a = 4 a small bent pipette, provided on one side with a 
capillary opening at a, and on the other side with a 
narrow tube ) with a mark; it is filled by dipping 
the capillary opening a@ into the liquid in question, 
and sucking through a rubber tube which is attached 
to b; it is then hung in a bath which has the 
temperature of the determination, the liquid meniscus 
being adjusted to the mark in 8, either by sucking 
out the excess of the liquid from the capillary 
opening at a, by means of a bit of filter paper, or 
by adding what liquid is wanting by a drop on a glass rod applied 
at a, when it will be sucked in by the capillary force. 

Let Pp, Pp,» and .p, be the weights respectively of the pyknometer 
empty, when full of a liquid (as water) of known density s, and when 
filled with the liquid which is to be studied; and if A is the weight 


Fig. 29. 


of the air displaced, and which is approximately equal to (p,—p,) 


0:0012, then the specific gravity sought is 
yaa 

S=s2—_,, 

: Py-p-A 

F. Kohlrausch and Hallwachs! have lately perfected the areometri¢ 


1 Wied. Ann. 53. 14 (1894) ; see also F. Kohlrausch, Wied. Ann. 56. 185 (1895), 
G. Mie, Boltzmann Festschrift, p. 326 (1904). 
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method to such an extent that changes in the specific gravity of 
aqueous solutions of one-millionth can be distinguished with certainty, 
a notable result for the investigation of very dilute solutions. Smooth 
cocoon silk was used for the suspension, and as immersed body a glass 
bulb of 133 grammes weight and 129 c.cm. content. 

While by this method the density of a liquid can be determined 
without any difficulty, yet the methods used to determine the specific 
gravities of solid bodies are not quite satisfactory in accuracy, for the 
reason that only small pieces of the substance can be used ; and this 
is true of the methods which depend upon the measurement by means 
of the buoyancy in a liquid of known density, or by weighing it in a 
liquid pyknometer, or by the application of gas laws (volumenometer), 
or by its swimming free in a liquid mixture, the density of which is 
already determined. The ‘swimming method” usually gives the best 


results when small pieces only can be used. This method has at the 


same time the advantage, which should not be undervalued, that 
from the way the substance floats in the liquid, by observing whether 
a part.of it floats at the top, and whether another part sinks to the 
bottom, one can infer very much regarding the purity of the substance, 
and thus one can raise the grade of purity.' 

A liquid, in which the substance shall swim free, without either 
rising or sinking, can be made by a mixture of methylene iodide, 
CH,I,, which has a sp. gr. of 3°3, with such lighter hydrocarbons as 
toluene, xylene, etc. The specific gravity of the solid substance is 
then equal to that of the liquid in which it swims free, and that of the 
liquid can be determined by a suitable method. 

The question regarding the dependence of the specific volume upon 
the composition and the constitution of compounds has thus far, as is 
the case with many other properties, been successfully studied only for 
carbon compounds. It is well known, as shown by Kopp (1855), that 


it is possible to calculate the volume occupied by 1 mol of a liquid 


organic substance at its boiling-point from its composition ; this volume 
is equal to the product of the molecular weight and the specific volume, 


and therefore is suitably called the ‘‘ molecular volume” ; it is calculated 


in the following way. 

If a molecule of the substance in question contains m atoms of 
carbon, n, atoms of “carbonyl oxygen” (i.¢. oxygen with both its 
valencies united to the same carbon atom), n, atoms of oxygen which 
has its two valencies distributed between two carbon atoms or between 
two atoms of other elements, 0 atoms of hydrogen, p atoms of chlorine, 
q atoms of bromine, r atoms of iodine, and s atoms of sulphur; then 


its molecular volume at the boiling point amounts to 


M.V.=11°0m + 12°2n, + 7°8n, + 5°50 + 


; /22°8p + 27°8q + 37 Sr + 22°6s. 


1 Retgers, Zeitschr. phys, Chem. 8. 289 (1889). 
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This formula is by no means strictly exact, as deviations amounting 
to several per cent are not uncommon; but nevertheless it should be 
particularly noticed that by means of a few empirical constants it is 
possible to calculate, at least approximately, the molecular volume ; 
and thus by dividing this value by the molecular weight, it is possible 
to obtain the specific gravity of numerous compounds which are made 
up of the aforenamed elements. Thus the measurement of the 
molecular volume of acetone at its boiling-point gave as the result 


77°5; and from its formula COGn? it was estimated as follows :— 
3 


3 atoms of carbon F = > : 33°0 
1 atom of carbonyl oxygen . : . 12°2 
6 atoms of hydrogen . ; : A 330 

Sum : : F 78°2 


The presence, in the molecule, of carbon atoms with doubled linkage 
increases the molecular volume proportionally.' Reference should be 
made to the thorough epitome of this material, which has been com- 
piled by Horstmann.? He has shown from extended researches that, 
in general, simple additive relations really exist with some very con- 
siderable deviations, and has ascribed these deviations to peculiarities 
in the constitution. 

The specific gravities of liquid chlorine and bromine at the boiling- 
points amount respectively to 1°56 and 2°96;° the atomic volwmes 
deduced from these figures are 22°7 and 26°9 respectwely, or nearly the 
same as the figures 22°8 and 27°8, which Kopp calculated from the organic 


compounds ; we may therefore with great probability take — =0'18 as, 


the approximate specific gravity of liquid hydrogen.+* 

Concerning the question as to how far Kopp was justified im 
selecting the boiling-point as the point for comparison, we shall obtain 
information from the following. In the light of the theory of 
van der Waals, the molecular volume at the critical point should be 
three-eighths of that calculated from the laws of ideal gases. Hx- 
perience vindicates this law (p. 231) to this extent, viz. that the 
critical volume of many substances amounts to the same fraction, 


namel : 
Y) 3:8 
Further, from the equation given on p. 219, 
dy = 3b, 
it follows that the molecules of all substances at their critical points — 
1 Horstmann, Ber. 20. 766 (1887). / 
2 Graham Otto, Lehrbuch der Chenvie, 3rd edit. (Braunschweig, 1893). 


® Dammer’s Handbuch der anorg. Chem. I. pp. 474 and 520 (1892). 
4 [Dewar found 0°07, Journ. Chem. Soc. 738. 535 (1898), ] 
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_ oceupy the same fraction of the critical volume; this latter therefore 
may be regarded as a measure of the space actually occupied by the molecules. 
- But now the volume of liquids in corresponding states is the same 
_ fraction of the critical volume. Therefore the molecular volumes measured 
in corresponding states, i.e. at equal reduced pressures and temperatures, 
may be regarded as a measure of the space actually occupied by the molecules ; 
and this suggests that we should take as comparison temperature an 
, equally reduced temperature, i.¢. a temperature which is the same 
fraction of the (absolute) critical temperature. It is not necessary 
_ for the reduced pressures to be the same, for, as already shown on 
_ p. 222, the volume of a liquid would be subject to only very slight 
change if it were measured at a pressure of one-half, and then at 
_ two atmospheres ; and no greater variations of pressure are concerned 
m here. 

But now the absolute boiling-point of the most various substances 
is about two-thirds of the critical temperature ; i.e. for the most various 
substances, the boiling-point at atmospheric pressure is itself an identical 

reduced temperature. The fact that the identity may not be strictly 
_ fulfilled is unimportant, because the volume of a liquid is only slightly 
affected by changes of 5° or 10°; and only such variations as these 
are found. 

We thus obtain the result that not only is the boiling-point a 
- suitable temperature for comparison, but also that the molecular 
_ volumes so determined, for the most different substances, represent 
very nearly the same multiple of the space occupied by the molecules. 

Now, as we must regard Kopp’s molecular volumes as a measure 
i of the volumes actually occupied by the molecules, therefore we must 
_ conclude that the volume of the molecule can be calculated additively from 
the volumes of the atoms. This result will also be established later in 
an entirely different way. 


The Density of Solid Bodies.—The volume relations of solid 

compounds have as yet been only slightly investigated. The molecular 
_ yolume is obviously additive in certain cases, as of salts of analogous 
ish constitution, as shown by the following table :— 


Sell if Din | II. Diff. Diff. I.—It. 
a KCl =37"4 NaCl =2771 10°3 
_ Ue - 6-7 
“f KBr=44'3 | NaBr=33°8 10°5 
9°7 OF | 
4 KI =54-0 Nal =43°5 10°5 
” 


We find constant differences both between the corresponding 
_ potassium and sodium salts, and also between the corresponding 
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chlorides, bromides, and iodides, and this is a necessary condition for 
the calculation of the molecular volume in summation from the atomic 
volumes, by the choice of suitable constants. Schréder, who has 
done good service by investigating these relations, stated, in 1877, 
in harmony with the preceding, that in the homologous series of the 
silver salts of the fatty acids, the mole- 
cular volume increases quite constantly, 
about 15°3, for every additional CH, group. 

The question as to what is the proper 
temperature for comparison is here of less 
importance on account of the slight change 
of density of solid substances from a change 
in temperature. The relation between the 
atomic weight and the density of the ele- 
ments in the solid state has been already 
treated in the description of the periodic 
system (p. 188). 


The Refractive Power.—The optical 
coefficient of refraction for homogeneous 
gases, liquids, or solids can be measured 
very accurately by enclosing them in a 
hollow prism with a prismatic cavity, and 
then measuring, by means of a spectro- 
meter, the deviation of a ray of monochro- 
matic light. The method of total reflection, 
which is employed in the refractometers 
devised by Kohlrausch, Abbe, and others, 
can be used much more easily, and this 
method has recently been applied by 
Pulfrich in the construction of a very convenient apparatus for the 
special study of liquids. As we are practically concerned only 
with the determination of the optical behaviour of liquids, in the 
exigencies of the chemical laboratory, and as also the Pulfrich? 
refractometer combines ease of manipulation with an accuracy which 
is more than sufficient for most purposes, we will give here a descrip- 
tion of this apparatus. ; 

The monochromatic light given out by a Bunsen burner, fed with 
salt, for instance, and concentrated by passing through a lens which 
is adjusted to the apparatus (but not shown in the cut, Fig. 30), is 
allowed to fall on the horizontal surface of a prism, which must be 
provided with a refractive angle of 90°. The top of the prism is 
adjusted to receive the glass cylinder, which is to hold the liquid to 
be studied, in the following way :—The lower edge of the glass cylinder 


1 Zeitschr. f. Instrumentenkunde, 8. 47 (1888); 15. 889 (1895); Zeitschr. phys. 
Chem. 18. 294 (1895). . 
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rests a little lower than the round flat upper face which fits into it, 
and thus the cemented edge does not interfere with the passage of the 
light. Then it is necessary to moisten the upper surface of the prism 
with only a few drops of the liquid to be investigated, an advantage 
which is not to be undervalued in chemical work. The prism, with 
its smoothly ground hypothenuse surface, rests on a bevelled block 
of brass, which in turn rests on a wooden support. This rests on a 
heavy tripod base. By means of this it is possible to obtain very 
certain manipulation, so that after removing the prism it can be 
returned again to its original position, and a readjustment is not 
required even after long use. The normal positions of the two 
surfaces of the prisms are determined by means of an adjusting 
apparatus which is fastened, with the wooden support, to the brass 
block on which the prism rests, parallel with the plane of rotation of 
the divided circle. The observer may convince himself of the correct 
adjustment most easily, by observing the refractive index of pure 


_ water at the atmospheric temperature, which is known, and deducing 


from it the small correction which must be introduced into all readings. 

The measurement consists simply in adjusting the telescope 
which moves round the divided circle, until the cross wires coincide 
with the sharply defined boundary between the light and the dark 
portions of the field, and thus obtaining the exit angle i of the light 
ray. Then, as follows from the simple application of the law of 
refraction, we have for the desired value of the refractive index of the 
liquid in question— 

n= /N? —sin?i, 


where N denotes the value of the index of refraction of the glass 
prism, for the kind of light used. A table furnished with the instru- 
ment gives, without further calculation, the value of the refractive 
index for the angle i for sodium light. Whenever it is necessary to 
identify an unknown substance, this determination should never be 
neglected, as scarcely any other property of liquids can be determined 
so easily and exactly. The apparatus may also be used for analytical 
purposes, as in the study of solutions. 

Further, Le Blanc! has suggested a very simple method for 
measuring very exactly the refractive index of solid bodies which are. 
optically isotropic by means of this same instrument. A decigram 
or so of the finely powdered substance is shaken into the glass 
cylinder of the refractometer, and this is then covered with a mixture 
of two liquids, for example, brom-naphthalene and acetone, between 


_ the refractive indices of which that of the substance in question must 


lie: if that of the latter is very far removed from that of the mixture, 


' the field of the telescope will remain almost uniformly dark; then 


more of either brom-naphthalene or acetone is added, when a light 
1 Zeitschr. phys. Chem. 10. 433 (1892). 
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field appears after the addition of one or the other liquid. If the 
desired point is already nearly obtained, so that two parts of the field 
are somewhat different in brightness,-then one can easily judge whether 
the liquid of the greater, or of the lesser refractive index must be 
added. Thus, if the refractive index of the liquid mixture is greater 
than that of the powder, there appears a light band at the limit 
between the light and the dark parts; this band is due to the total 
reflection of the incident light by the solid substance ; it is wanting in 
the opposite case. It is possible, by the further addition of the required 
liquid, to so nearly equalise the coefficients of the solid substance and of the 
mixture, that the limit between the light and dark half of the field will be 
as sharp as in the case of a single pure liquid. When this sharp limit is 
found, the refractive index of the solid substance can at once be 
obtained from the table furnished with the apparatus. 

This method is also applicable to the measurement of the refractive 
index of the ordinary ray of optically uniaxial bodies; but not, at 
least not in this form, to the measurement of the extraordinary rays, 
nor to the investigation of substances which are optically poly-axial. 


The Molecular Refraction of Organic Compounds.—The 
refractive coefficient of a substance changes with its temperature, and 
also especially with its state of aggregation. If, as in the preceding 
case, we are only concerned with a clear statement of the relations 
between the optical and the chemical behaviour, then the only way in 
which we may hope for results is to find some function of the refractive 
index which, when freed from other influences, shall be conditioned essentially 
by the chemical nature of the substance. 

The specific refractivity, expressed by the index minus 1, and 
divided by the density, thus 

n- 1 


d 


partially satisfies the preceding requirements, as shown by Gladstone 
and Dale,’ and especially by Landolt.2 In fact, in most cases, the 
specific refractivity is only slightly dependent upon the temperature ; 
moreover, each particular substance in a mixture preserves its own 
specific refractivity nearly unchanged, as already shown on p. 103. 
But the preceding expression does not apply to changes in the state 
of aggregation, and the specific refractivity of a liquid, in general, is 
considerably different from that of its vapour. 

This condition of being independent of changes in the state of 
aggregation is very well satisfied by a formula which was suggested 
at the same time (1880) by Lorenz in Copenhagen and by Lorentz in 
Leyden ; it was developed from the following considerations.? 

The Clausius-Mossotti theory of dielectrics proceeds upon the 


1 Phil. Prans., 1858, p. 8; 1863, p. 528. 2 Pogg. Ann. 128. 595 (1864). 
3 Lorentz, Wied. Ann. 9. 641 ; Lorenz, ibid. 11. 70 (1880). 
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assumption that the molecules, assumed to be spherical, are electrical 
conductors, and that to this is due the weakening action experienced 
by the mutual attraction or repulsion of two electrically charged points, 
on interposing a dielectric. Let u denote a fraction, assumed to be 
very small, of the total volume which is actually occupied by the 
molecules; then, according to this view, the dielectric constant! is 
calculated to be 


eset 
l-u 
from which it follows that 
ese! 
Nea: 


Now according to the electromagnetic theory of light, 
Kan 
if N denotes the refractive index for light of very long wave-length ; 
by introducing this, and then dividing by d, we obtain 
wien = 1) 


a“ Neva a7 ® 


and this expression must be independent of the temperature, the 


pressure, and of changes in the state of aggregation, because, according 
to the definition, i denotes the real specific volume of the molecule, i.e. 
the volume actually occupied by the molecules of 1 gram of the sub- 
stance. R denotes the specific refraction. 

Now, as a matter of fact, experiment leads, in a very remarkable 
way, to the result that the specific refraction is a very characteristic 
quantity for the given substance, irrespective of the conditions under 
which it may be studied ; and this holds true, not only when calculated 
from the so-called “refractive index of light of infinitely long wave- 
length,” but also when calculated from the definite refractive index of 
any selected kind of light in the visible spectrum ; it is best to take 
the red hydrogen line, or the sodium line, so that the influence of dis- 
persion is not too great. As already shown on p. 104, the rule of 
mixtures gives better results by calculating with the n? formula than 
with the n formula; and all experiment supports the view that the 
former decidedly ought to be preferred in studying the connection 
between the chemical composition and the optical behaviour. 

Both expressions are very satisfactory in the relatively small 
changes of the refractive indices, due to the expansion by heat, as is 
shown by the following table of values for water from the determina- 


tions of Riihlmann, referred to the D-line :— 


1 Clausius, Ges. Abh. (Separate Papers), 11. 185 (1867). 
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| t n=1 22 =e 
d n2+2 d 

0° | 03338 02061 

10° 0°3338 0:2061 

20° 0°3336 0°2061 

90° 0°3321 0°2059 

100° 0°3323 0°2061 


A comparison of the n® expression with the old formula shows 
that it alone is independent of the state of aggregation, as is illustrated 
by the following example,’ in which again the refractive index n is 
referred to the sodium line. 


n-1 n?-1 1 
Kae ° “722° a 
Vapour. | Liquid, Diff. Vapour. | Liquid. Diff. 
Water. . . | 0°3101 | 0°3338 | — 00237 || 0:2068 | 0°2061 | +0°0007 
Carbon-disulphide . | 0°4847 | 0°4977 | -0°0630 || 0°2898 | 0°2805 | +0°0093 
Chloroform . . | 0°2694 | 0°3000 | —0°0306 || 0°1796 | 0°1790 | +0°0006 


The temperature of the liquid was 10°, of the vapour 100°. 
The product of the specific refraction R and the molecular weight 
M is called the molecular refraction ; thus 


n27—-1] M 
Sine oe a 


It is therefore a measure of the true volume of the molecules contained 
ina mol. A regularity of conduct is shown in the case of the mol- 
ecular refraction, which is similar to that in the case of molecular 
volume ; but the influence of the constitution on the optical behaviour 
is manifested much more decidedly than in the relations between the 
density and the nature of the substance. The molecular refraction of a 
compound can be calculated by the summation of the atomic refractions ; but 
the atomic refraction is fairly constant, 7.¢. independent of the other 
elements occurring in the molecule, only in the case of the univalent 
elements ; it varies considerably for oxygen and carbon according to 
the mode of union. 

It is to J. W. Briihl? that we are chiefly indebted since 1880, 
together with Landolt, for the development of the science of the 
molecular refractions, in that he has worked up and calculated a great 

1 Briihl, Zeitschr. phys. Chem. '7, 4 (1891). 


2 Zeitschr. phys. Chem., 7. 140 (1891). See also the voluminous investigations of 
Kannonikoff, J. pr. Chem. [2], 81. 339 (1885). 
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number of observations. The following table contains the principal 
atomic refractions recently recalculated by Briihl. The figures which 
refer to sodium light are taken from the calculations of Conrady.1 


TABLE OF SOME OF THE ATOMIC REFRACTIONS 


, | For th carikall be- 
i at | For the Blue. Sesion 
| wine, | Neline. | prime, | PBine- 

; Red. 
: Simply bound carbon . 2°365 | 2°501 | 27404 | 0:039 
} Hydrogen . : : ; 1103; 1°051 | 1°139 | 0-036 
d Hydroxyl oxygen : : : a b0G }) P5210 | 1525]. 0-019 | 
 |Wtheroxygn . . . . . «|-1:655| 1°683|] 1°667| 0-012 
Carbonyl oxygen : : ; : . | 2328 | 2°287 | 2°414 | 0-086 
; Chlorine . ; : : ; . .-}| 6:°014 | 5°998 | 6°190 | 0-176 
: Bromine . ; F : A : . | 8-868 8°927 9-211 0°348 
f Todine > : p ; c - - | 13°808 | 14°12 14°582 0-774 

| Ethylene union . F : : ; . |, 1°886 | 1:707 | 1:859| 0°23 

Acetylene union =) ae Re eae 2°41 0-19 


Atomic refractions of a great number of other elements have been 
determined mostly from their organic compounds by the use of the above 
_ values. They have generally been found to show considerable variation 
_ according to the nature of the chemical combination into which they enter, 
so that the atomic refractions have no wide range of applicability for the 
| other elements. The variation increases naturally with the variety of the 
_ modes of combination ; it is therefore greatest for multivalent elements. On 
_ the other hand, this constitutive variability of the atomic refraction, if only 
its dependence on constitution is thoroughly studied, serves as a valuable 
help in determining the constitution, as was shown especially for the nitrogen 
compounds by the extensive investigations of Briihl? A further constitu- 
tive influence was brought to light by Briihl,? who showed that neighbouring 
unsaturated atomic groups (especially C=C) caused an increase in molecular 
_ refraction, and especially also in molecular dispersion. Recent investigations 

of Moureu * have shown that the acetylene union has a very variable value, 
_ which is usually considerably greater than 2-2, so that here additive relations 
seem to fail entirely. 

_ Oxygen itself in some states of combination shows an atomic refraction 
different to that given above, as appears from the investigations of Nasini, 
Carrara, Anderlini, and others.® 
The refractive power of the enol- and keto- forms are markedly different 
in a number of solvents.® ~ 


1 -Zeitschr. phys. Chem, 8. 210 (1889). 
2 ‘Jhid. 16. 193, 226, 497, 512; 22. 373; 25. 577 (1895-1898). 


8 Ber. 40. 878, 1153 [1907]. 4 Ann. chim. phys. [8], 7. I. 1906. 
5 Gazz. chim, ital. 24, I. (1894); 25. IL. (1895) ; Zeitschr. phys. Chem. 1'7. 5389 


(1895). § Briihl, Zeitschr. phys. Chem. 30. 61 (1899). 
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The use of these figures may be most easily explained by means 
of an example; we will calculate the molecular refraction of benzene, 
C,H,, referred to the figures for the red H-line. 

6 carbon atoms =6 x 2°365=14'190 


6 hydrogen atoms=6 x 1°103= 6°618 
3 double unions =38x1'°836= 5:'508 


Sum 5 MR= 26°32 


Observation with the same kind of light and at 20° gave 
n= 14967, d=0°8799, M= 78, and therefore 


which coincides well with the value as calculated above. 

The molecular refraction caleulated for acetone CO(CH,),, and with 
the Na-light, gives 3 carbon atoms +6 hydrogen atoms +1 carbonyl 
oxygen = 16°10; while observation gives 16°09. 


as ae: 
Small variations of the expression — 
n? +2 


the density on change of temperature have been found which, however, 


exceed errors of observation. Eykman! suggested from a large and 
2 
n 


from proportionality with 


n+ 0-4 
this proportionality more completely, but, as this has no theoretical 
foundation, it can only be considered as an interpolation formula. 

The figures given in the last column of the preceding table (p. 313), 
and called the atomic dispersions, are the differences of the respective 
values, referred to the blue and the red hydrogen lines. Briihl finds, 
by a discussion of the material thus far observed, that the molecular 
dispersion of a compound for a definite substance, liquid or gaseous, is 
independent of the temperature, and fairly independent of the state 
of aggregation; this molecular dispersion, in a manner analogous to 
that for the molecular refraction, may be defined by the formula 


ce —-1 n,?- ie 
ny+2 n,2+2/d’ 
where n, and n, are the respective refractive indices for the H, and 


the H, lines. Thus the molecular dispersion, like the molecular 


refraction, becomes of value as a specific manifestation of the material 
nature and composition of chemical substances. 

As far as the available data éxtend, it is possible in many cases 
to calculate the molecular dispersion from the sum of the atomic 
dispersions ; yet in this case it appears that the constitutive influence 
appears more often and in a more decided way than in the case of 


1 Rec. trav. chim. Pays-Bas, 14. 185 ; 15. 52 (1895 and 1896). 


varied collection of observations the expression 


as expressing 
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the molecular refraction. A comparison of atomic refraction and 
atomic dispersion shows that there is no simple connection between 
refraction and dispersion. The atomic refraction of carbon is about 
twice as great as that of hydrogen, but their atomic dispersions are 
about the same. ‘The atomic refraction of bromine is once and a half 
as large as that of chlorine; while its atomic dispersion is twice as 
great. The iodine atom refracts twice as strongly as the chlorine 
atom; but it disperses four times as strongly, etc., etc. It is interest- 
ing to know that the influence of multiple unions of atoms in the 
molecule is manifested more clearly in the case oF dispersion than in 
the case of refraction. 

An observation of Briihl! is very important, to the effect that the 
atomic refractions of hydrogen and chlorine, as calculated from 
their behaviour in their compounds, coincide respectively with the 
powers of refraction of these gases in the free state; the former, 
according to the table on p. 313, are respectively 1°05 and 6-00 for 


Na-light ; the latter are found by observation to be 1:05 and 5:78 


respectively. On the other hand, the atomic refraction of free oxygen 
amounts to 20°5, which is considerably greater than the value for 
hydroxyl oxygen, 1°52. 

Since the mixture formula on p. 104 usually holds, solids can be 
investigated and their molecular refraction determined in a suitable 


' solvent (that is, a chemically indifferent one). It is not improbable 


that, if these substances were studied in dilute solution, more remark- 
able results might be obtained than by the investigation of pure liquids. 
For in the latter the degree of polymerisation introduces complications 
as to which the constitutional formula gives us no indication. To 
perform such experiments it would be advisable to use an optical 
differential method which would yield directly the difference of 
refractive index between solution and solvent. 

The following may be said in brief, regarding the theoretical founda- 
tion of the regularities which obtain in molecular refraction. According 
to the results given on p. 311, the molecular refraction is a measure of 
the space actually occupied by the molecules ; it had been previously 
(p. 307) inferred that the molecular volume is made up additively, or 
at least approximately so, from the volumes of the atoms; and the 
same must also be true for the molecular refraction, as in fact was 
found to be the case. 

The molecular volumes and the molecular refractions thus appear to be 
closely related values, because they are both proportional to the space occupied 
by the molecules. 

Now, as a matter of fact, it cannot be denied that there is a 
certain parallelism between the relations of the molecular volume on 
the one hand and of the molecular refraction on the other, to the 
molecular structure. Both properties are peculiarly additive. Also 

1 Zeitschr. phys. Chem.'7. 1. (1891). 
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the influence of constitution is clearly the same in both cases, in that 
carbonyl oxygen has a greater atomic volume and a greater atomic 
refraction than that possessed by hydroxyl oxygen, or by ester oxygen. 
Also, both the molecular volume and the molecular refraction are 
increased by the presence of a doubled carbon union. 


The attempt to express the molecular refraction of a gaseous compound 
as the sum of the molecular and atomic refractions of its components, 
employing the n? formula, has given the following results ; 1— 


. Molecular Refraction. 
Substance. 
Observed. Calculated. 
Hydrochloric acid . : : 6‘70 H+Cl= 6°83 
Carbon dioxide . : = 13°32 | CO+2C1=16°59 
Hydrocyanie acid . : : 6°63 H+CN= 7°21 
Water . : : , ; 3°82 2H+O0= 4:14 
Ammonia. : : j 563 38H+N= 5°36 
Carbon dioxide . 3 : 6°71 CO+0O= 7:08 
Ethyl chloride. : : 16°35 HCl+C,H,=17°49 
Nitric acid . ; : ; 4°46 N+O0= 4°25 
Nitrous acid ‘ 5 : 7°58 2N+O= 6°45 


The refractive values of the components used were obtained from the 
direct measurements which Dulong, Mascart, Jamin, and others have made 
on the free gases, and are as follows :— 


H ) N Cl co CN C,H, 
15 2°05 2°20 5°78 5°03 6°16 10°66 
The differences between experiment and calculation cannot be ascribed 
to errors of observation ; they show that the molecular refraction is not a 
purely additive property, but constitutive influences make themselves felt. 
Thus oxygen in the free state has undoubtedly a different atomic refraction 
than in the carbon compounds, and in\the latter there is a difference accord- 
ing as the oxygen has both its valencies saturated by the same or by two 
different carbon atoms. The atomic refraction of elements such as sulphur 
or nitrogen is still more variable. 


Dielectric Constants.—The mutual electrostatic action of two 
electrically charged bodies varies with the nature of the medium in 
which they are placed; if ina vacuum they attract with a force k, 


= in which D, the 


dielectric constant of the medium in question, is always greater than 
one, though in gases only slightly greater. Electrostatics teaches that 
the mutual action of two bodies kept at a constant potential difference 


1 Briihl, Zeitschr. phys. Chem. 7. 140 (1891). 


then in another medium the force amounts to 


he 


ve 
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is proportional to the dielectric constant of the medium, that, further, 
if ¢ is the capacity of a condenser in a vacuum (or, what is practically 
the same thing, air), it becomes cD when the condenser is placed in a 
medium of dielectric constant D. It follows from the theory of 
electric oscillations that the velocity of propagation of electric waves 
in wires is inversely proportional to the square root of the dielectric 
constant of the surrounding insulator. 

From these facts arise a number of experimental methods for 
determining the dielectric constant ; we may mention the following :— 

1. The electrometer method consists in observing the throw of the 
needle of a suitably constructed quadrant electrometer, first in air, 
then in the liquid in question (Silow, 1875). Cohn and Arons! used 
alternating currents instead of continuous currents to charge the 
electrometer. With this method, slightly conducting liquids may be 
investigated. 

2. The condenser method consists in comparing by any suitable 
method the capacity of condensers, first in air, and then when filled 
with the liquid to be studied. Measurement by means of a telephone 
and Wheatstone’s bridge is to be recommended ; the chief difficulty 
which arises from want of insulation of the substance under investiga- 
tion can be eliminated by the use of variable resistances placed in 
parallel to the condensers to be compared. The method thus 
becomes suitable for the investigation of slightly conducting liquids, 
and is simpler and more exact in practice than the electrometer 
method.? 

3. Measurement of the length of stationary electric waves.—Some 
arrangement is used for producing stationary electric waves and for 
measuring their length, which is directly proportional to the velocity 
of propagation and, therefore, according to what precedes, inversely 
to the square root of the dielectric constant of the medium. A 
convenient apparatus has recently been described by P. Drude,? and 
used for numerous experiments. By working with short waves this 
method allows of studying relatively good conductors. 

Dielectric action can be simply explained, as was remarked on 
p- 311, by assuming conducting particles surrounded by an insulator 
(luminiferous ether); the greater the volume of these conducting 
particles, the greater the dielectric constant of the medium in question. 

The following table contains the dielectric constants of a number 
of liquids at 18° ; the numbers show that the dielectric constant varies 
extraordinarily from one substance to another, and so is highly suited 
for characterising the substances :— 


1 Wied. Ann. 38. 13 (1888). For the description of simple and suitable electro- 
meters see F. Smale, Wied. Ann. 5'7. 215 (1896). 

2 Nernst, Zeitschr. phys. Chem. 14. 622 (1893). 

3 Zeitschr. phys. Chem. 23. 267 (1897). 
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DreLEctRIc ConsTANTS OF sOME Liquips at 18° 


Benzene . : : rat es) Ethyl alcohol . : a AGE 
Xylene . : : ee 2B} * Propylaleohol . . a ee 
Carbon disulphide . 2°58 Isobuty] alcohol . ; 5 7) 
Ether : : ~ 1 285 Amylaleohol . ‘ anole 
Aniline . : : <a es Ortho-nitro-toluene . Aes) 
Chloroform : a) eoi0) Nitro-benzene . : . 386 
Ethyl chloride ; i lh Water ; : “ . 80 
Ethyl bromide ; . 48 Ethyl acetate . : a F Ox3 
Methyl] alcohol Ee aoe 
If in the expression (p. 311) 

a NGL 

“Wea de 

N? be replaced by D, 
* D-11 
~D+2d 


means the specific refraction for very long waves, since the measurements 
of dielectric constants are always made with wave lengths considerably 
greater than those of visible light. It may be expected, therefore, 
that the regularities observed in optically measured refraction would 
become much more obvious if there were used, instead of the optical 
refractive index N, the corresponding value of the electric refractive 
index (= »/D) which is free from the influence of dispersion (that is, 
refers to very long waves). This anticipation does not turn out to be 
true, as was shown by the extensive investigations of Landolt and 
Jahn.1 The expression for the electric refraction is not even approxi- 
mately constant for the same substance with varying temperature and 
state of aggregation, nor can the specific refraction of mixtures be 
calculated with any certainty from the mixture formula.” 

The explanation of this behaviour lies in the fact that the refractive 
index extrapolated from Cauchy’s formula for very long waves rarely 
agrees with the square root of the dielectric constant. To take the 
strongest example, the refractive index of water extrapolated for long 
waves is 1°3, the square root of its dielectric constant is 9; in other 
words, there is a region of very strong and, in fact, anomalous dis- 
persion in the infra-red spectrum. Dispersion phenomena in the 
infra-red region of the spectrum have so far been but slightly studied, 
we have, therefore, no means of tracing the complete dispersion curve ; 
for the long heat waves investigated are still very much shorter than 
the shortest electric waves which have been produced and measured, 
so that a large and certainly highly interesting region remains in- 
accessible to experiment; but the recent investigations of Drude 
(l.c. p. 317) bring out clearly that dispersion is mainly associated 

1 Zeitschr. phys. Chem. 10. 289 (1892). 


2 See also, amongst others, the researches of F. Ratz, Zeitschr. phys. Chem. 19. 
94 (1896) ; Linebarger, ibid. 20. 131 (1896) ; J. Philip, ibid. 24. 18 (1897). 
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with presence of hydroxyl groups in the molecule, and that the observed 
phenomena of anomalous dispersion accompanied by the appearance of 
absorption bands in the infra-red part of the spectrum is in accordance 
with Helmholtz’s theory. 

f The circumstance that mixtures of pyridine or betaine with water 
_ show much more marked anomalous dispersion than these substances 
_ in the pure state is explained by Bredig' as due to formation of 
’ hydrates in solution after the analogy of NH,(OH). 


From the point of view of the above theory of Clausius and Mossotti 
these facts may mean that the molecules consist of a well-conducting core, 
or several such, and a less conducting sheath; then the optical refraction 
would be the measure of the volume of the well-conducting core, whilst the 

_ electric refraction measured for very long waves would give the volume of 
the core plus the badly conducting sheath. The additive behaviour of the 
_ optical molecular refraction would show that the volume of the core is 
practically equal to the sum of the volumes of its components, whilst the 
volume of the surrounding sheath would be greatly influenced by constitution. 
Of course this assumption is, at the present time, very hypothetical ; still we 
may draw certain conclusions on the molecular constitution of matter from 
the explanation of anomalous dispersion in the region of long waves. 


= ee 


Magnetic Rotation of the Plane of Polarisation.—In 1846 
Faraday discovered that transparent substances, when placed in a 
magnetic field, acquire the property of rotating the plane of polarisa- 
tion in the direction of the lines of force; and also that the observed 
rotation is proportional to the thickness of the layer, and to the 
intensity of the magnetic field. The sense of this rotation is the same 
for most substances, as for all organic substances for instance ; it is in 
the same direction, as seen by the observer, in which the magnetising 
current circles; but its magnitude is dependent upon the nature of 
the particular substance. 

The problem of explaining the relation between the degree of 
rotation and the chemical nature of the substance was recently (since 
- 1882) attacked in a very thorough way by W. H. Perkin. As a 
_ measure of the coefficient of the magnetic rotation of substances, 
_ Perkin took the observed angle of rotation in a definite intensity of 
_ the magnetic field, divided by the density of the substance and by the 
_ rotation angle of a layer of water of the same thickness in thé same 
field; this value he named the specific rotation ; and the product of this 
' with the molecular weight of the substance divided by the molecular 
: weight of water, he called the molecular rotation. Here we meet. with 
relations which are similar to the dependence of the molecular 
_ refraction upon the composition and the constitution respectively. 
_ The molecular rotation of organic compounds can usually be calculated 

_ very approximately, by summation of the atomic rotations, the values 


1 Zeitschr. f. Elektrochem. 7, 767 (1901). 
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of which must be suitably chosen; and here also, in the case of the 
multivalent elements, the atomic rotation varies very distinctly with 
the mode of union.! : 


Magnetism.—The molecular magnetism, 7.¢. the specific magnetism 
referred to that of water as unity, and multiplied by the molecular 
weight, has recently been investigated for a number of organic com- 
pounds by Henrichsen,? who used the torsion method of G. Wiedemann. 
All of the substances studied were diamagnetic. As the molecular 
magnetism could be calculated by summation of suitably chosen atomic 
magnetisms, it proves that this property is also emphatically additive. 
The presence of double carbon-unions in the molecule seems to increase 
the diamagnetism. 


According to recent investigations by G. Jager and St. Meyer,? the 
atomic magnetism of the paramagnetic elements, nickel, cobalt, iron, 
manganese in equivalent solutions of their compounds stands in the simple 
ratio 2:4:5:6, and chromium appears to lie between nickel and cobalt, 

It is remarkable that the magnetic susceptibility appears to be inde- 
pendent not merely of the anion, but of the valency of the cation; for 
solution of ferrous and ferric salts containing equal amounts of iron are 
equally susceptible. 


The Heat of Combustion.—By the heat of combustion of a 
substance is meant the quantity of heat produced by the complete 
oxidation of 1 g. of the substance. It makes a slight difference 
whether the combustion is conducted at constant pressure, or at 
constant volume, the former value being a trifle smaller, viz. by the 
amount of the heat value of the external work performed by the 
combustion. In the case of the hydrocarbons, ¢.g., this difference is 
usually less than 0°5 of a per cent of the total value. The details of 
this, as well as the methods of the determination of the heat of com- 
bustion, will not be given till the chapter on “Thermochemistry.” We 
will give in this place only a statement of the regular relations which 
were ascertained by a study of organic compounds. ; 

The hydrocarbons in particular have been carefully studied ; accord- 
ing to J. Thomsen,* the following may be theoretically prefaced - 
regarding these values. The process of combustion may be regarded 
as occurring in two stages :— 

1. The decomposition of the molecule into the individual atoms. 

2. The combination of the individual atoms with oxygen. 

The quantity of heat produced in the combustion of a hydrocarbon 


! For further information see Ostwald, Lehrbuch der allg. Chem. 2nd edit. I. p. 499 
(1891). [Also see Walker’s translation of Ostwald’s Outlines, p. 105.—TR.] 

2 Wied. Ann. 84. 180 (1888) ; 45. 38 (1892). 

3 Ibid. 63. 83 (1897). 

4+ Thermochem. Untersuchungen, Bd. 1V., Leipzig, 1886; Zettschr. phys. Chem. 
1, 369 (1887). 
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is equal to the heat developed by the union of the isolated atoms with 
oxygen, minus the heat absorption which would be observed in the 
dissociation of the hydrocarbons into separate carbon atoms and 
separate hydrogen atoms. It is a matter of indifference whether the 
process actually occurs in this way ; because according to the law of 
the conservation of energy, the quantity of heat developed must be 
the same, whatever may. be the order in which. it occurs. 

Now, if we make the assumption that the same quantity of heat 
absorption S is always required in the separation of one hydrogen, 
wherever the separation occurs ; and that there are required the same 
amounts of heat, U, V, and W, in the separation of single, double, 
or triple carbon unions respectively, wherever the separations occur ; 
then in the dissociation of a carbon compound C,H,», the amount of 
heat absorption A,, is, 

A, =2bS+xU +yV +2zW, 


where x, y, and z denote respectively the number of single, double, or 
triple unions. 

Now, since there are in the molecule 4a carbon valencies, 2b of 
which are satisfied by hydrogen, then 4a— 2b carbon valencies must 
be satisfied in pairs; and therefore, and because every single union 
employs two valencies, every double union four valencies, and every 
triple union six valencies, it follows that 

4a — 2b = 2x + Ay + 62. 
Therefore : 
ae 2a —b—2y — 37, 
and therefore for the heat absorption A,, we find 
A, = 2bS + (2a - b — 2y —- 3z)U + yV + 2W. 


Now, if P denotes the heat of combustion of an isolated carbon 


atom, and @ that of an isolated hydrogen atom, then the heat 


developed A, in the combustion of the isolated atoms amounts to 
A, =aP + 2bQ. 


And thus for the heat of combustion at constant volume, we have 


A, — A, =aP + 2bQ — 2bS - (2a — b — 2y - 32z)U —- yV — 2W. 


In order to obtain the heat of combustion at constant pressure, it 
must be observed. that the combustion-of the gaseous molecule C,H, 


; b 
_ Tequires a+ molecules of oxygen, and that there are produced a 
: molecules of gaseous carbon dioxide, and b molecules of liquid water ; 


_ there results, therefore, a diminution in volume of 1 — z mol, which 


~ 0580 — 0:290b Cal. 
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Now, if we add this correction, which is usually very small, to 
A, — A,, we obtain as the heat of combustion B(C,H») of the hydrocar bon 
(G, Hp), at constant pressure, 


%(C,H) =aA + bB+ ye + zD + 0°580, 
where 
A= P —2U;, C=2U-V, 
= 2Q+U - 28 —- 0.290, D=3U—-W. 


Asa matter of fact, this formula allows a very exact calculation of 
the heat of combustion of the hydrocarbons of the fatty series, expressed 
in large calories, if we assume the following values :— 


A=106'17, C = 15.465, 
Ba) 5253, D = 43-922. 


Thus, for example, by the calculation of the heat of combustion of 
di-allyl, we find 


%(C,H,,) = 6A + 5B + 20 + 0-58 = 931°2 Cal., 


while Thomsen determined it experimentally as 932°8 Cal. Of course 
it is not possible to ascertain the particular values of P, Q, S, U, V, 
and W from the empirically determined values of A, B, C, and D. 
The preceding formula is not applicable to closed chain hydro- 
carbons, such as trimethylene or benzene. Thus the heat of combus- 
tion of the latter substance, C,H, in the gaseous state, on the 
assumption of nine single unions, according to the preceding formula, 
would give 
6A =637°02 
+3B=157°59 
+0°580= 0°58 


Sum=795°19 
while by assuming three doubled unions in benzene, we would have 
795°19 +3 x 15°465 = 841°585. 


Both of these values differ too much from that obtained by direct 
measurement, namely, 787'5, which, however, is fairly near the value 
calculated on the supposition of nine single carbon unions. 

It happened by chance that Thomsen, in using his universal 
burner, obtained heats of combustion which were a little too high, and 
so his old values for the heat of combustion of gaseous benzene, un- 
corrected, coincide quite well with the value calculated on the assump- 
tion of nine single unions,—a circumstance which induced him at the 
time to speak against the Kekulé formula, and gave opportunity for 
much controversy. 

Thus it resulted, particularly by the work of Berthelot in Paris, 
and Stohmann in Leipsic, both of whom worked with the calorimetric 
bomb, that more extended material gave a broader basis for the 


1 


\ 
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theoretical development of the relations between the heat of combus- 
tion and the chemical constitution. Then a renewed discussion of the 
observations led Thomsen! to the conclusion that the benzene union has 
a heat value different from that of the ethylene union. 

In order to obtain satisfactory material to prove this view, Thomsen 
then calculated the heat of combustion of a number of aromatic hydro- 
carbons, which were measured in the solid state. 

The assumption that the same formula, of course with changed 
constants, would hold good here, was justified by the circumstance, 
that the heat of sublimation, which obviously is the excess of the heat 
of combustion in the gaseous state over that in the solid state, in all 
cases has a regular connection with the constitution, and that, at all 
events, this value is only a very small fraction of the heat of combustion. 

In fact, it was shown that the heat of combustion of benzene, 
naphthalene, anthracene, phenanthrene, and chrysene, all being taken 
im the crystallised state, can be calculated from the formula 


(C,H) = 104°3b + 49°09m + 105°47n, 


where m denotes the number of single hydrocarbon unions, and n the 
number of double unions. The formula harmonises very well with 
the results of experiment when we ascribe to benzene three double 
unions, to naphthalene four, to anthracene, phenanthrene, and chrysene 
each six. This is of course, not quite in agreement with the con- 
stitutional formule of these substances. It is also possible to calculate 
the heat of combustion of the phenyl methanes, by ascribing a 
heat value of 723-7 to the radical C,H,-C. The preceding formula 
is also in harmony with other determinations; thus the heat of 
combustion of methane in the solid state is calculated to be 


%3(CH,) = 2 x 104'3 = 2086, 


a result a little smaller than that for gaseous methane (211°9), as it 
should be. 

A comparison of the numerical values obtained by the new 
formula, with those given on p. 322, which were obtained for gaseous 
hydrocarbons of the open-chain variety, leads to the conclusion that 
the heat of formation of an ethylene wnion is considerably smaller than that 
of the formation of a benzene union. And this result is entirely in 
harmony with the well-known fact that the formation of addition pro- 
ducts is attended with much greater difficulty in the case of aromatic 
nuclei than in the case of the olefines; or, in other words, that the 


double benzene unions are much harder to dislocate than the olefine 


unions. This difference is all the more remarkable because the com- 
pounds have the same optical behaviour (p. 314).? 


1 Zeitschr. phys. Chem. 7. 55 (1891). 
2 Further attempts to calculate heats of combustion on the assumption of a practically 


additive behaviour were made by Lemoult, Comp. rend. 136. 895 ; 13'7. 979 (1908). 
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In the other organic compounds! the heats of combustion show a 
prevailingly additive character. But the unmistakable influence of 
constitutional differences (for instance, in isomeric acids) may be 
distinguished with some certainty in the difference in the value of 
the heats of combustion, and can be compared with the much more 
remarkable variations of other physical properties, specially the 
dissociation constant.2 In the sense of Berthelot’s principle (Book IV. 
Chap. V.) the less stable isomeric form has usually, but not always, 
the greater content of energy, and consequently the greater heat of 
combustion ; but as, according to Baeyer’s® stereochemical theory, 
double and treble bonds between carbon atoms are more unstable the 
more their valencies vary in direction from the tetrahedric arrangement, 
i.e. the greater the tension inside the molecule, so usually the heat of 
combustion increases with the magnitude of the tension, as was found 
by Stohmann ‘ in general, and especially for the poly-methylenes (CH,)n. 

The heats of combustion of the hydrogenised benzenes measured 
by Stohmann ® are very characteristic of the thermal behaviour of the 
aromatic compounds. He found the heat of combustion under constant 
pressure— 


Diff. 

Benzene 3 ; : ; a Cite 
. 68°2 
Di-hydro-benzene ; ; 5 . 848°0 44:0 
Tetra-hydro-benzene : 3 F . 892°0 aie 
Hexa-hydro-benzene . : : : . 983°2 58-0 


Hexane b y F F . 99t:2 


Similar differences were found for the terephthalic acids and their 
products.° The transformation of benzene into its first reduction 
product is accompanied by a much greater absorption of heat than the 
transformation of already hydrogenised products to the next higher 
product of reduction. The entire thermal behaviour of benzene and 
its derivatives agrees well with Thiele’s assumption (p. 293), according 
to which the saturation in aromatic compounds is much more complete 
than was formerly supposed. 


Regularities in the Boiling-Points of Organic Compounds. 
—The problem of calculating the boiling-points of organic compounds 
from their composition and constitution, and with the same exactness 
that is possible in the case of the molecular refraction, has not been 
solved as yet; and, indeed, this problem, which is interesting both in 
a practical and a theoretical way, presents no little difficulty, for the 
reason that the boiling-point, doubtless, depends to a large degree 

1 Stohmann, Zeitschr. phys. Chem. 6. 334 (1890). 

2 Stohmann and Schmidt, Zeitschr. phys. Chem. 21, 314 ref.; Journ. pr. Ohem 
53. 345 (1896). 3 Ber. deutsch. chem. Ges. 18, 2278 (1885). 

4 Journ. pr. Chem. 45. 305, 475; 46. 530 (1892). 


5 Sitzungsber. der sichs. Akad., 1898, 477. 
® Stohmann and Kleber, Journ. f. prakt. Chemie, 4.8. 1 (1891). 


ft CHAP. VY PHYSICAL PROPERTIES AND MOLECULAR STRUCTURE 325 


upon the constitution, and that certainly makes the problem all the 
_. more fascinating. 

f Now, investigation has disclosed a number of instances of regular 
behaviour! which are sufficiently remarkable to deserve a more 
thorough treatment, although it has not been possible, as yet, to group 
_ them from any general standpoint. These regularities, for the most 
part, consider the change of boiling-point experienced by an organic com- 
pound from substitution. 


Substitution of CH,.—It was early recognised that the melting- 
point of homologous organic compounds rose fairly regularly with 
_ the molecular weight; it is only quite recently that Young? has 
_ _ succeeded in bringing these regularities under a general scheme. 


% Firstly, as always in such questions, a distinction must be drawn 
' between normal and associated substances. Young expresses the 


¥ boiling-points in absolute measure, and shows that for normal sub- 
stances, the increase A corresponding to the substitution of CH, for 
|g hydrogen, is simply a function of the absolute boiling-point : 
¢ —144°86 
‘ : A = ey 

The following table contains the (absolute) boiling-points of the 
paraffins calculated according to this formula: 


Boiling-points (abs.). 
Paraffin. atte See — ee , Difference. 
5 Obs. Cale. 
CH, 108°3 106°75 = 1°55 
C,H, 180°0 egies -2°3 
a C,H, 228°0 229°85 +1°85 
' C,H, 274°0 272°6 = 14 
ph OBin 309°3 309°4 +01 
* CoH 341°95 341°95 =e 
CrBhé 371°4 371°3 Ooh 
OH. 398°6 398°1 -0°5 
CyHo9 422°5 422°85 +0°35 
Hon 446-0 445°85 — 0°15 
Catt, 467°0 467°35 +0°35 
CipHos 487°5 487 65 +0°15 
G,Hlas 507°0 506-8 0-3 
Dihleg + 5255 _ 525-0 —0°5 
Cy5H59 * 543°5 542°3 -1:2 
OygHo4 * 560°5 558°85 ; —1°65 
Cutis 5760 574°7 en's 
Cig Hog 590°0 589°9 -0'1 
; Cyp Hao 603°0 604°5 +#1°5 


1 These have been compiled by W. Marckwald, Dissertation, Berlin, 1888 ; see also 
Fehling’s Handwérterbuch, art. “‘ Siedepunkt” (‘“ boiling-point ’’), (1893), to which also 
; reférence should be made for the bibliography ; and Nernst and Hesse, Siede- und Schmelz- 
— punkt, Braunschweig, 1893. 2 Phil. Mag. 9. 6 (1905). 
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This formula, which was proved on about 250 substances, holds good 
also for the alkyl halides, isoparaffins, olefines, polymethylenes, toluenes, 
xylols, ethers, aldehydes, amines, and mercaptans. It should be 
noticed, however, that the first member of a series always shows a 
greater deviation than the higher members. This is illustrated in the 
following small table : 


RCI. 

R. T abs. A obs. A eale. 
oes es 36-2 39°85 
OoH; ae 33°5 35-25 
Catty ees 32°0 31°55 
OcHs sa: 3 28°6 28°55 
ae ye 26°4 26°15 

fea 27°0 24°15 
OrHhs mon 24-0 224 
aname 457°0 


Every homologous series must therefore be divided into two groups, 
for one of which the formula agrees approximately, for the other 
very closely. The first member of each series that contains a— CH, 
group attached to two carbon atoms (C —- CH, -—C) is the end of the 
first group and the beginning of the second. 

The same formula holds good (but with differences of a few 
degrees), for the homologous series of substances associated in the 
liquid condition, such as nitriles, nitrocompounds, ketones, aliphatic 
acids and alcohols ; while the esters come between the normal and the 
associated substances, both in their degree of association, and in the 
closeness with which they obey the rule. 


The Substitution of Cl, Br, and I.—The introduction of the 
first chlorine atom into a methyl group occasions a rise in the boiling- 
point of about 60°; the actions of the second and third Cl atoms are 
much weaker, as shown in the example of the chlor-acetic acids ; thus 


Diff. 
CH,CO,H boils at ; ae LS 3 67° 
CH,CICO,H_ ,, : - 185° 4 
CHC1,CO,H , ; . 194° x 
CC1,CO.H so, 5 JeulObs 


The replacement of Cl by Br makes the rise about 24° greater 
throughout ; by I about 50° greater. 


The Substitution of H by OH.—This in general occasions a rise 
of about 100°; the phenols and the corresponding amines have the 


Se 


a 


op SSE yn ee 


j 
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same boiling-points ; thus here the effect of the substitution of NH, 
and of OH is the same. 


A very complete and valuable study on the action of substituting 
negative radicals has been made by L. Henry,! who established that the 
accumulation of negative radicals, especially oxygen, at one point of the 
molecule of an organic compound causes great increase of volatility, that the 
influence is greatest when the substituting negative radicals are attached to 
a single carbon atom, whilst the action is still noticeable if the substitution 


. takes place in two carbon atoms directly combined. 


When two compounds unite with each other with elimination of 
water, the boiling-point of the resulting product can be roughly calcu- 
lated by adding the boiling-points of the two components, and then 
subtracting 100°-120°. Thus 


Acetic acid boils at 3 . ; Se LS 

Ethyl alcohol ,, 3 ; : ceo: 
Sum =196°5° 

Acetic ether boils at ; : t aoe 
Diff. =119"5° 


A Comparison of Isomeric Compounds shows that in the 
fatty series the normal compound has the highest boiling g-point. ?~ “The 
more the chain of carbon atoms assumes a “ branching” type, or 
the more “spherical” the molecule becomes, so much more does the 
volatility increase. Pentane, C,H,,, may serve to illustrate this— , 

CH,(CH,),CH;;  (CH,),CHCH.CH,; (CH,),C. 
B.-P. 38° 30° oon 


In general a change of CH.(CH,), into (CH,),CH corresponds to a 
fall in boiling-point of about 7°. 

Further, in the case of isomers containing oxygen, the boiling- 
point will be the lower the nearer the oxygen atom approaches the 
centre of the molecule: a change from a primary to a secondary 
alcohol corresponds to a fall in the boiling-point of about 19°; thus 


CH.(CH,),CH,OH boils at 2 ; mio leisy ai let 
CH,(CH,)CH(OH)CH, ,, Siege 


Moreover, in the case of the isomeric halogen substitution products, 
that one will have the lower boiling-point where the chlorine seems to 


_ be more central in: the chain of/atoms ; thus 


CH,CH,CH.Cl boils at : ; j j a 46r5 
CH,CHCICH, 43 ; ; ’ : Daye 


Of the isomers of the benzene derivatives, in general the ortho compounds 
aN : 


: 1 Bulletin de V Académie belgique [3], 15. Nos. 1 and 2 (1888). 
2 B. Tollens, Ber. 2. 83 (1869). 
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boil at a higher temperature than the meta compounds, and these in turn 
about the same as, or higher than, the para compounds. 

Regarding the influence of the double union in hydrocarbons, there 
is no general rule; but it is found that the hydrocarbons correspond- 
ing to the formula C,Hon+s, and those corresponding to CyHon, 
have the same boiling-point, so that in this case the double union 
seems to have the same influence as the two hydrogen atoms; the 
same applies to alcohols, acids and esters. But in other cases a 


corresponding change in the molecular structure, ¢.g. carbon union . 


instead of two hydrogen atoms, is associated with a decided change in 
the boiling-point ; thus compounds of the type 


where K represents any selected divalent radical, as O, CH,, 8, NH, ete. 
When an acetylene compound is produced by further elimination 

of hydrogen, the boiling-point rises: thus the propargyl compounds 

boil about 19°5° higher than the corresponding propyl compounds. 


The attempt of Vernon! to apply regularities of boiling-point to 
determine molecular condition of a liquid is noticeable as he starts from 
the very plausible assumption that the deviations which individual sub- 
stances show from general rules have their ground in polymerisation of the 
liquid molecules. Thus usually doubling the molecular weight raises the 
boiling-point about 100° (ethylene boils at — 105, butylene at — 5, octylene 
at 126, the hydrocarbon C,,H., at 274); now in the series hydroiodic 
acid, hydrobromic acid, hydrochloric acid, the boiling-point falls from — 25, 
—'73,to —100. We may therefore expect for hydrofluoric acid about — 120, 
whereas its boiling-point is actually + 19°4°, that is, 140° too high, Vernon 
concludes therefore for a molecular formula of hydrofluorie acid lying 
between H,F, and H,F,. Similarly water, by analogy with sulphuretted 
hydrogen, should boil at — 100°, as the boiling-point lies 200° higher the 
formula (H,O), is probable. By similar considerations Vernon found the 
molecular formule S,,, SO,, SOCI,, SO,, (H,SO,),, (SeO,), It is especially 
noticeable that the hydroxyl compounds, according to these observations, 
are in general strongly polymerised; for the thio-compounds which 
contain SH instead of OH boil 30° or more below the corresponding 
hydroxyl compounds, whereas in general replacing of oxygen by sulphur 
causes a rise of 40° or 50° in the boiling-point ; further, many ethers boil 
at a lower temperature than the corresponding alcohols (for instance, 


' Chem. News, 64, 54 (1891). 
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methyl ether at — 23°, methyl alcohol at + 66°), whereas otherwise replac- 
ing of oxygen by an alkyl raises the boiling-point. These considerations lead 
to results which must be qualitatively correct; the conclusions on the 
degree of polymerisation are, however, uncertain (see pp. 272-277). 


The Critical Data.—The conclusions arrived at in the second 
chapter of this book leave no doubt that the critical data have great 
significance for every well-defined chemical substance, and that the 
problem of tracing out their relationship to the constitution is a very 
important one. Unfortunately the experimental data thus far 
accumulated are neither very extensive nor very exact, as there is 
considerable difference between the results of different observers. 
For this reason, the results up to-date are very small, and we will 
limit ourselves to the description of a rule discovered independently 
by Guye and Heilborn. 

In keeping with experiment (p. 230), and according to van der 
Waals, the critical volume, which is determined experimentally with 
great difficulty, may be made proportional to the critical temperature 
divided by the critical pressure, 1.¢. proportional to the so-called 
“critical coefficient” k, 


™ 

But now since, according to the reasoning on p. 307, the critical 
molecular volume is an additive property, then the critical coefficient 
must be so also (Heilborn). On the other hand, the critical coefficient, 
like the molecular refraction (p. 310), is a measure of the space actu- 
ally occupied by the molecules; and since the latter is decidedly an 
additive property, therefore the former is also (Guye).? 

Now as a matter of fact it is found that it is possible to make 


p= = SMR, 


™ 

if the critical pressure is estimated in atmospheres, and the refraction 
R refers to infinitely long wave-lengths (p. 312). This rule is only a 
rough approximation, inasmuch as the numerical factor in the preced- 
ing equation varies between the limits of 1°6 and 2°2; therefore in 
calculation one may use the red rays, the refraction of which is only 
slightly different, in comparison. And conversely, it is possible to 
calculate the critical coefficient from the atomic refraction given on 
p. 313, with about the same paceree of approximation, 7.¢. about 
10-20 per cent. 


The Melting-Point.—The melting-point is best determined ex- 
perimentally by surrounding the thermometer with the finely pulverised 
substance and heating it to incipient fusion. On account of the latent 


1 Ann. chim. phys. [6], 21. 206 (1890) ; Thése, Paris, 1892. 
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heat the thermometer remains constant for some time, when it is 
carefully stirred till all is melted at a fixed temperature, which can 
be exactly measured, and which is the melting-point. We can in 
this way obtain very exact measurements, especially by using large 
quantities of the particular substances, and by fixing the zero-point 
of the thermometer scale very accurately by observing the melting- 
point of water according to this method. 

Another method, which allows of very accurate determination, and 
which also makes it possible to use considerably smaller quantities of 
the substance, say 10-20 g., depends upon the phenomenon of wnder- 
cooling. For although a solid substance at its melting-point assumes 
the liquid form under all circumstances, yet there is usually a marked 
delay in the reverse process, and it requires some external stimulus 
to induce the liquid to assume the solid state which corresponds to 
its temperature. If one brings this about by stirring with a glass 
rod, or more certainly still by introducing a bit of the substance in 
the solid state, the freezing of the under-cooled substance occurs ; 
and then, as a result of the latent heat, the temperature rises to the 
freezing-point. This pause in the fall of the temperature may be 
determined with great precision and certainly by this method (see 
also p. 260). 

The methods of melting and of freezing with large quantities of 
the substance give results which coincide to the hundredth part of a 
degree. These methods, according to a recent publication by Landolt,! 
are the only ones which give certain results. In practice, however, 
extreme accuracy is often superfluous, either because the substance is 
not completely pure, or because very small quantities of it are at 
disposal ; the determination is then usually made by introducing the 
substance into a capillary tube which is fastened to a thermometer 
bulb, and the two together are dipped into a bath of water, oil, 
paraffin, or sulphuric acid. The temperature shown by the ther- 
mometer at the moment when the substance (which is opaque in 
the solid state) begins to become transparent is noted as the melting- 
point. The moment of the change of colour, as a rule, can be sharply 
noted in a clear bath and with favourable light; but sometimes, when 
the substance exhibits an appearance of translucency before it really 
melts, the error of observation may amount to several degrees. In 
such a case the moment when the melted substance begins to flow 
down into a deeper part of the tube may be taken as the sign of 
incipient fusion. This point may be made more visible to the eye 
by a simple apparatus suggested by Piccard.” 

Mention was made on p. 186 of the regularity in the melting-point 


1 Zeitschr. phys. Chem. 4. 349 (1888); see also R. v. Schneider, ibid. 2B. 225 
(1897). 

2 Ber. 8. 687. See also art. “Schmelzpunkt” (‘melting-point ”) in Fehling’s 
Handwérterbuch (1890). 
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of the elements. A rule announced by v. Baeyer! for organic com- 
pounds has general interest. According to this, the even members of 
homologous series are clearly different from the odd members— 


SERIES OF THE Farry Acips 


M.-P. 
Normal C, H, 0, F ‘ : : +16°5 
Cs, H, O2 , : : : : —22 
C, Hs 0; ; : . : : —~ 79 
C; Hy,0; — 58°5 
Cg Hy.0, = halen 
C, H,40, —10°5 
C3 Hy¢0, +16°5 
Cy H,,02 +12°5 
Cy) H 9. +31°4 
16H 390, +62°6 
17H 340. +60 
CgH3,05 +69°3 
Succryic AciID SERIES 
Normal] Succinic acid C, Hg 04 : : 183 
Glutaric ,, C; H, 0, , é 9755 
Adipic Se Cg Hy 04 : ; 153 
a-Pimelic ,, (OF 12 BAO ; ‘ 105 
Suberic ,, Cg Hy404 : : 140 
Azelaic ,, Cy Hy604 : : 107 
Sebacic _,, Cy) H4g04 : G 133 
Brassylic ,, CHO, : : 110 


In both series, without exception, the member with an uneven 
number of carbon atoms has a lower melting-point than the preced- 
ing member with one less carbon atom. In the succinic acid series, 
with increasing molecular weight, the melting-point of the acids 


_ having an uneven number of carbon atoms rises, and that of acids 


having an even number of carbon atoms falls, so that the two sets 
of numbers together seem to tend towards the same mean curve. 

Tsakolotos ? has shown that in the case of the simple hydrocarbons, 
this curve which fits the melting-points of the higher homologues 
of the series, can be expressed by an empirical equation. While the 
melting- -points of the compounds CH, to C,,H., alternately rise and 
fall, just as with the fatty acids, the difference from C,,H,, to C,H, 
can be expressed by the relation : 

—y, 88 = 0701882 (n= 1) 
aa m mn 1 


where An is the difference between the melting-points of two neigh- 
bouring homologues, and n, the number of C atoms, is the lower of 


~ the two. 


' Ber, 10. 1286 (1877).) [The melting-points have been corrected in accordance 


with the tables in the latest’ edition of Meyer and Jacobsen, Lehrbuch der org. Chem., 


1909-10.—Tr. ] 2 Compt. rend. 143. 1235 (1900). 
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AxpsoLuTE Mr.rine-Points oF THE HYDROCARBONS. 


_ Obs. Cale. 

CigH 34 : c : 291° = 

Cy,H3¢ : : 2 295°5 296 

CygH sg : ; ; 301 300°7 
CyyH ao - ; 305 305 

Cop Hao : ; . 309°7 309°2 
Cy Hay : : : 313°4 313°1 
a ae Sot ts eh ieee ge 316°7 
Cy3 Has : ; ; 320°7 320°2 
Cy,H5 ; 5 : 324°] 323 °6 
Cay Hs5 3 : : 322°5 322°2 
Cx Hes ; , : 341°1 342°0 
Cz. H 6g : : 3 343°5 344-2 
C3579 - é ; 34777 350°0 
Coot ee air nc IRB 374°3 


The following may be stated respecting other irregularities :— 

Bromine compounds appear to have a higher melting-point than 
the corresponding chlorine compounds; and the nitro-compounds 
higher than the corresponding bromine and chlorine compounds.! 

In the pyrotartaric acid series the melting-point is higher the 
more the structure of the acid deviates from the normal type, 7.¢. the 
more side chains are built on to the normal. This may be formulated 
in the statement that in the pyrotartaric acids the melting-point rises 
with the number of methyl groups.” 

Of the isomers of the aromatic series, the para derivatives seem to 
have the highest boiling-points, but there is an exception to this rule in 
the case of the amido derivatives of the substituted benzene sulphonic 
acids,? and also in the case of the isomers of the toluene sulphonic 
amides, anilides, and toluidides. 

Among the amides' of the halogen derivatives of the benzene sul- 
phonic acids, in the para series, the melting-point rises about 20°, when 
a halogen is substituted by the next heavier halogen. Thus the 
chlorine compound melts at 143°-144°, the bromine compound at 
160°-166°, and the iodine compound at 183°. Also the melting-points 
of the halides of any particular series appear to rise from the fluorine 
to the iodine compounds, but not regularly.* For a series of further 
rules see the monograph quoted on p. 325. Another point which is of 
much consequence for this question must not be overlooked ; it gives 
to melting-points occasionally, perhaps more often than is supposed, a 
certain arbitrary character. Many solids have the faculty of existing 
in several modifications, possessing different physical properties, and in 
particular often very different melting-points (p. 93). This is especi- 
ally common among organic compounds, and it is not impossible that 
allotropy (polymorphism) is a general phenomenon, 2.¢. that every 


1 Petersen, Ber. 7. 59 (1874). 2 Markownikoff, Lieb. Ann. 182. 340. 
® Beilstein, Handbuch, 1. 60 (1886). 4 Lenz, Ber. 12, 582 (1879). 
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solid substance can exist in several modifications corresponding with 
different conditions of pressure and temperature. If this view is 
correct, then when comparing melting-points the question must first be 
settled what modifications are comparable, and it is quite possible that 
many exceptions to the rules of melting-point so far discovered are 
only apparent, and would be avoided by the discovery of new 
modifications. 

Although in the case of the other physical properties, the theory 
of their relation to the constitution of organic compounds in particular 
has been developed much further than in the case of the melting-point, 
yet, on the other hand, there is no other physical constant so well 
suited to identify a well-defined chemical substance. The melting- 
point has a pre-eminent place among all the physical properties, as is 
shown by the fact of its easy and accurate determination, by its great 
sensitiveness to foreign adulteration, and also by the fortunate circum- 
stance that these foreign adulterations almost always act in the same 
way, viz. to lower it (p. 137), and finally, it varies considerably, even 
with very slight changes in the composition. 


Internal Friction.—According to the gas theory, p. 204, the 
internal friction in the case of gases and vapours is directly proportional 
to the path of the molecule, and this latter is inversely proportional to 
the cross-section of the molecule ; therefore by measuring the internal 
friction of gases, one may obtain a measure of the space occupied by 
the molecule. Asamatter of fact, L. Meyer? found a proportionality, 
which was at least approximate, between the volumes of molecules 
determined in this way and Kopp’s values ; and we have already seen 
that the latter (p. 307) may be regarded as a measure of the space 

actually occupied by the molecules. It would be very interesting to 
have a comparison between the values as obtained by internal friction, 
and those from the molecular refraction, since these latter values, 
according to p. 312, are also a measure of the volumes of molecules. 

The internal friction of liquids has been the subject of much 
investigation, but without affording any regularities of a general nature.” 
It is noticeable that the peculiar influence on other physical properties 
of the mode of combination of oxygen appears also in the viscosity.? 


The Natural Rotation of the Plane of Polarisation —While 
the property of being optically active under the influence of magnetism 
is a universal property (p. 320), only certain substances are able of 
themselves to rotate’ the plane of polarisation. The natural rotation, 


1 Wied Ann. 7. 497 (1879); 18.1 (1881); 16. 394 (1882). See also Steudel, 
ibid. 16. 369 (1882). 

2 Ostwald, Allg. Ohem. 2nd edit. 1, 550 (1891). 

® Thorpe and Rodger, Philosophical Transactions, London, 1894 and 1896; Zettschr. 


phys. Ohem, 14, 361; 20. 621. 
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like the magnetic, is proportional to the thickness of the section used, 
and varies with the temperature, and also with the wave-length of the 
light used. 

The rotation may be measured by the polarisation apparatus or 
by the polari-strobometer; this in its simplest form, as devised by 
Mitscherlich, consists of two Nicol’s prisms, which, when placed 
respectively before and behind the stage, produce darkness; the stage 
is for the reception of the substance. The angle of rotation is read 
directly from the divided circle of the ocular, or else the rotation is 
compensated by a quartz wedge which can be interposed to any desired 
thickness (Soleil). Finally, a number of changes have been proposed 
in order to obtain still greater accuracy ; these have been applied in 
the so-called ‘“‘ half-shadow” apparatus, which has been well received in 
both scientific and practical work. The fundamental principle of this 
is that the field of view of the polarising apparatus is filled, not with 
one bundle of light rays, but with two; their planes of vibration form 
a certain angle with each other, and by turning the analysing Nicol, 
the two halves of the field of view are brought to the same degree of 
brightness.! 

The natural circular polarisation was discovered in quartz by Arago 
in 1811, and was afterwards observed in many other crystals. 

The natural circular polarisation of liquids, or of amorphous solids, 
was first observed by Biot in 1815 in sugar solutions, and although it 
has been found since then in very many substances, yet these are all 
carbon compounds. 

The rotation property of crystallised substances depends appar- 
ently upon their molecular arrangement (crystal structure); while 
that of organic compounds depends upon the constitution of the 
molecule. A fact among others, in favour of this latter view, is that 
Biot (1819) found that those organic substances, which were active in 
the liquid state, were also capable of rotating the plane of polarisation 
in the gaseous state; this was more thoroughly studied by Gernez 
(1864) for the vapour of oil of turpentine. We will consider here only 
the property of rotation of the carbon compounds. 

The property of rotation of organic substances has primarily been 
of great importance as an aid in analysis. This can be determined not 
only directly for active substances, as, for instance, sugar in water solu- 
tion, but also under certain circumstances, as shown by Landolt,? 
indirectly, in that the influence of inactive substances on active 
substances may be measured by the polari-strobometer. An active 
substance is characterised by its specific coefficient of rotation [a]; a 
denotes the rotation angle for a definite kind of light (sodium light 
for example), measured at a definite temperature (20° for example), 
and expressed in degrees of the divided circle; 1 denotes the length 


1 For a more detailed description, see Landolt, Optisches Drehungsvermégen org. 
Substanzen, 2nd edit., Braunschweig, 1898 2 Ber. 21. 191 (1888). 
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_ of the section used, expressed in decimeters; ¢ denotes the number of 
_ grams contained in 1 ¢.c. of the liquid used (whether of a solution or 
- a pure substance); then we have 

20° « 


pat. ie 

Moreover, the specific coefficient of rotation of the substance in 
solution in general varies with the nature of the solvent, and also with 
the concentration; it therefore will be advisable to give a statement 
_ of this phase of the rotation property. The product of the specific 
coefficient of the rotation and the molecular weight is called the 
molecular coefficient of rotation. 

The connection with constitution is shown in no other physical 
property so clearly as it is in this of optical rotation. As already 
stated on p. 296, if we omit the asymmetrical nitrogen compounds, 
p- 300, which are as yet only very little known, only those compounds 
are active which have one or more unsymmetrical carbon atoms, 1.2. carbon 
atoms, the four valencies of which, in the sense of structural organic 
chemistry, are satisfied by four different atoms or radicals. But, on 
the other hand, the existence of such carbon atoms by no means 
conversely necessitates optical activity ; this is explained by the follow- 
ing fundamental laws regarding the polari-strobometric behaviour of 
organic compounds, which in turn are an immediate consequence of the 
views developed on p. 297. 

___ 1. Only those compounds are active in an amorphous state, whether 
; pond, liquid, or gaseous, which possess one or more unsymmetrical 
carbon atoms in the molecule. 

2. There corresponds to every optically active substance a twin, 
_ which polarises light with the same degree of strength, but in the 
opposite direction ; if the compound has only one unsymmetrical avrg 
atom, then the two twins have the relative rotations, + A and — 
But if several unsymmetrical carbon atoms exist in the molecule, Hae 
for imstance, then, if we denote by A and B the rotations produced 
by each of these respective carbon atoms, there will result the follow- 
ing combinations :— 

A+B; —A-B; 

A-B; -A+B. 


_ The pairs in the horizontal rows are isomeric twins, since they 
have the same degree of rotation but in contrasted directions. If 
compound has n unsymmetrical carbon atoms, then the number of 
isomers is 2n, every pair of which are twins. 


C. Winter has shown that the imfinence of concentration and temperature on the 
al rotatery power of dissolved substances, can be theoretically accounted for by 
of the internal pressure of liquids (p. 248). See Zeitschr. phys. Chem. 60. 
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3. But, conversely, it is not necessary that all compounds con- 
taining asymmetric carbon atoms must be optically active; for these 
may be— 

(a) Compounds having a very small coefficient of rotation, so that it 
baffles measurement. The quantitative relations between 
the strength of the rotation and the nature of the atoms 
or radicals satisfying the four valencies of the carbon atoms 
have not been determined as yet; so that nothing certain 
can be stated at present regarding the absolute degree of 
the rotation. 

(b) Compounds exhibiting internal compensation ; if a molecule contains 
an even number of unsymmetrical carbon atoms, then it may 
happen that the particular action is exactly neutralised, and 
that the molecule as a whole is inactive, in case the carbon 
atoms are alike in pairs. This is the case with tartaric acid, 


CHOH—CO,H 


faint 
which has two similar unsymmetrical carbon atoms; the 
possible isomers are, of course, as follows :— 
+A+A +A-A —-A-A 

Dextro tart. acid; Inactive tart. acid; Leevo tart. acid. 
Of course + A—A and — A+ A correspond to identical sub- 
stances, which are optically inactive in consequence of internal 
compensation. 

(c) Compounds consisting of an equi-molecular wnion (racemic mixture) 
of the right and left varieties. Thus this is the case with 
racemic acid, which is an equi-molecular union of right and 
left tartaric acid. 

Such mixtures as the latter are obtained in the synthetic production 
of compounds with unsymmetrical carbon atoms from inactive sub- 
stances. This follows necessarily from the fact that the synthesis of 
such a compound consists in the replacement of one c in the compound 
Cabe, by d, and on account of the complete equality in value between 
the places occupied by the two c valencies, two kinds of substitution 
must always occur to the same extent. 


The Decomposition of a Mixture of Optical Isomers.1—It 
remains as a problem for the experimenter to separate the equi-mole- 
cular mixture of the dextro and laevo compound. There is no 
particular difficulty in the synthetical preparation of such a mixture 
above the other syntheses of organic chemistry ; but certain special 
methods of treatment are requisite for the separation. The customary 


1 For details see van’t Hoff, Lagerung der Atome im Rawme, Braunschweig, 1894, 
and especially in the extensive work of Landolt referred to on p. 334. 
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methods applicable to the separation of physical mixtures, which 
depend upon incidental differences in the melting-points, the vapour 
pressures, or the solubilities, all fail here completely, because, according 
to p. 297, both components have the same melting-point, the same 
vapour pressures, and the same solubility. There are three methods 
applicable in this case, for all of which we are indebted to Pasteur. 
A short sketch of these follows. 

1, By allowing an active substance, + B, to react on the mixture, 
the components of which are designated as + A and — A, we obtain 
thereby a mixture of B+ A and B—A. Now, these last compounds 
are no longer twins, but will in general exhibit greater or smaller 
differences in melting-point, vapour pressure, and solubility, therefore 
they can be separated by the usual methods. By decomposing the 
separated compounds, the isomers +A and —A are obtained in the 
pure state, and the desired separation of the original inactive mixture 
is accomplished. 

In this way Pasteur used cinchonine to neutralise a solution of 
racemic acid, which is an equi-molecular mixture of dextro and laevo 
tartaric acids ; the respective salts were separated from each other by 
crystallisation, and then by decomposing these cinchonine salts the 
dextro and laevo tartaric acids were obtained in the free state: the 
velocity of reaction in the saponification of an optically active alcohol 
by a racemic mixture of an active acid is noticeably different for the 
two components of the mixture.? 

2. Certain organisms affect the two isomers differently. Thus 
Pasteur observed that the vegetation of penicil/wm in a dilute solution 
of ammonium racemate destroyed the dextro acid, while the laevo acid 
remained. 

Since the organisms in question, or the enzymes contained in them, 
possess themselves an asymmetrical structure, this method is essentially 
the same as the first. 

3. Sometimes the dextro and laevo compounds can be separated 
from each other in contrasted hemihedral crystals, which can be picked 
out from each other. Pasteur observed this in the crystallisation of 
sodium-ammonium racemate. But usually the two isomeric salts 
crystallise out as a compound. This is the case with the tartaric 


_ acids which, in an equi-molecular solution, unite in crystallising out as 


racemic acid. Of course in such a case the method is debarred, 


To produce an optically active compound from its antipodes the follow- 
ing method can sometimes be used. On rise of temperature an optically 
active compound is commonly coriverted into the racemic mixture, which 


» then, by any suitable process of decomposition, will give both the dextro 


and laevo compound. 


Quantitative Relations.—The fact that optical activity is con- 


' 1 Marckwald and McKenzie, Ber. deutsch. chem. Ges. 32, 2130 (1899). 
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ditioned by the presence of an unsymmetrical carbon atom suggests 
another question: What are the relations between the nature of the 
radicals which saturate the four valencies of the unsymmetrical carbon 
atom on the one hand, and the degree and direction of the rotation on 
the other hand? Although not very much is certainly known at 
present, yet a few general remarks will be given regarding the kind 
of relation which should be looked for here. 

We will denote by e the numerical value of the property of a 
radical which is influential in occasioning the polarisation; then the 
power of rotation [a] will be determined by the combination of the 
values e,, €,, €3, and e,, which this property assumes for each one of 
the four respective radicals of the unsymmetrical carbon atoms; and 
the mathematical expression which may be calculated as the power 
of rotation from these values must obviously fulfil the following 
conditions :— 

1. It must become equal to zero when two or more of the four 
values of e are the same, for in the latter case the asymmetry, and, 
therefore, of course, the rotation, will disappear. 

2. It must remain unchanged in degree, but in the opposite direc- 
tion, when two values of e exchange places with each other. Such an 
exchange means nothing more than that a dextro-isomer is changed 
into a levo-isomer, or the reverse. 

By a few trials it is found that an expression of the following form 
is suited to the conditions outlined above :— 


(€, = @p)(€, — &g)(€ — €4)(€g — €3)(€y — €4)(€g — Cy), 
or 


Oy Orta Ox One 
nnn n= n—4In = 
Cp 3 Cy Og CO, &% 


Of course many such expressions as the preceding may be found, 
but these two are the simplest. They are, moreover, fundamentally 
identical, for it is only necessary to use log e in the second expres- 
sion, 7.e. to regard this property asa measure of the power of rotation, 
in order to obtain the first expression. It is also probable that there 
exists a property of the atom or radical, which is related to the mole- 
cular rotatory power according to the following law :— 


M[a] = (e; — €,)(e; ~ &3)(€; — &4)(€y — €3)(@y — @4)(@g — €y)- 


Of course it cannot be determined on a priori grounds, whether or 
not the value of e may depend both on the nature of the particular 
radical and also on the nature of the other three radicals which con- 
stitute the unsymmetrical carbon atom group, i.e. whether or not there 
exists a mutual influence between the radicals. If such were the case 
the problem would be much complicated, because then the calculation 
would have to take account of the mutual influence of each of the 


_— 
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values of e, though probably this mutual influence would not be very 
great. 

It was suspected by Guye! that the product of the mass of the 
radical, by its distance from the central point [centre of gravity], of 
the aeeet chica carbon atom, or, since the latter is approximately 
constant, that the mass of the radical i is a measure of the degree of the 
rotatory power. The molecular rotation accordingly would be 


M[a] = (m, ~ m,)(m, ~ m;)(m, — m,)(m5 ~ m5)(m, — m,)(m; — m,), 
where the values of m are either proportional to the weights of the 


four radicals, or at least are greater the greater the weights become. 
But this has not been confirmed by experience. 


The Absorption of Light.—lIf monochromatic light, ic. light 
having a definite wave-length, falls at right angles upon an absorbent 
layer which has the thickness d, then a part of the light will be used 
in warming the substance permeated, and thus will be lost by absorp- 
tion. The fundamental law of absorption states that the intensity of 


_ the emerging light J’ is proportional to that of the immerging light 


J, and that there exists the relation 
J’ =J(1-y)*; 


here y denotes a numerical factor which is characteristic of the absorb- 
ing substance ; this absorption coefficient y varies with the wave-length 
of light. In order to detect this variation, it is best to illuminate the 
absorbing substance with white light, and then decompose the emerging 
rays by the aid of a spectral apparatus (see also p. 190). 

The construction of the spectral apparatus is described in hand- 
books of physics.2 It should be noted that the apparatus usually 
made for laboratory use depends upon the dispersive power of trans- 
parent substances, glass in particular, and therefore give refraction 
spectra; it is only quite recently that scientific investigation has 
commonly begun to use spectra produced by diffraction gratings. As 
this latter method gives regular and strong dispersion, and is also 
entirely free from the absorption phenomena of glass, it now commonly 
finds almost universal application, as it thus has a great advantage, 
especially in studying the infra-red and the ultra-violet parts of the 


spectrum. Photography is employed to study the ultra-violet rays, 


and it is aiso possible to render the ultra-violet rays visible by 
fluorescence. In the study of the infra-red part of the spectrum, use is 
commonly made of heat effects caused by these rays on the thermopile, 
bolometer, radiometer, etc. 

The following kinds of absorption are recognised :— 


1 GR. 110. 744 (1890) ; thoroughly in a Thesis, Paris (1891) ; see also the work 


_ of Landolt quoted on p, 334. 


2 See also the monographs on spectral analysis by Kayser, Berlin, 1883 (new edition 


_ being prepared), and by H. W. Vogel, Berlin, 1886, and the literature quoted on p. 191. 
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1. Absorption which steadily increases or decreases with the wave- 
length of light: wni-lateral absorption. As a rule the absorption in- 
creases with decreasing wave-length, 7c. the violet end of the spectrum 
is absorbed more strongly than the red end. 

2. Absorption which exhibits a minimum in the spectrum, with 
regular increase on both sides of this minimum : 0i-lateral absorption. 

3. Absorption exhibiting shaded maxima; the spectrum appears 
to be crossed by absorption bands. 

4. Absorption exhibiting sharply-defined maxima; the spectrum 
appears to be crossed by absorption lines. 

This latter variety, which is altogether the most characteristic, is 
met in incandescent gases. 

Inasmuch as the absorption capacity of substances varies with the 
nature of the substance to such an extraordinary degree and in such 
a variety of ways, and beyond all other properties, therefore both 
light absorption and light emission would appear to be primarily suited 
to give us some information regarding molecular structure, But the 
results thus far obtained in this line do not at all justify the anticipa- 
tions. We know of innumerable examples where very slight changes 
in molecular structure are associated with deep-seated changes in the 
capacity for absorption. But we cannot infer a single generalisation 
regarding the laws according to which this happens. Thus, for 
example, if we break up the unstable variety of nitrogen peroxide, 
N,O,, by raising the temperature into a simpler molecule NO,, we 
obtain a very slight change in the chemical behaviour ; but the gas 
changes from a slight yellow to a dark reddish-brown ; this gas, when 
interposed in the path of a bundle of light rays, gives a spectrum 
crossed by innumerable absorption lines. Also the absorption may 
vary strongly with unchanged molecular weights. Thus iodine, when 
dissolved in carbon disulphide, gives a violet colour ; in ether, a reddish- 
brown; yet in both cases the iodine was. shown, by the boiling-point 
method, to have the molecule I, Of course it is not impossible that 
the different colours are occasioned by reaction with the solvent, 2.¢. 
by forming compounds consisting of I,+n molecule of the solvent. 
Moreover, the cases are not rare where, as in this case, the absorption 
varies more or less strongly with the nature of the solvent. Usually, 
but not always, the absorption bands advance towards the red, according 
as the refractive power of the solvent increases. 

Up to the present the most thorough study of absorption in solu- 
tion has been done in the case of organic compounds ; here there were 
found certain remarkable regularities regarding the influence of sub- 
stitution on the position of the absorption bands.! 


1G. Kriiss and Oeconomides, Ber. 16. 2051 (1883); Kriiss, Ber. 18. 1426 
(1885); Zeitschr. phys. Ohem. 2. 312 (1888); E.. Koch, Wied. Ann. 82. 167 
(1887); HE. Vogel, ibid. 48. 449 (1891); M. Schiitze, Zeitschr. phys. Chem. 9. 109 
(1892) ; G. Grebe, ibid. 10. 674 (1892) ; Hartley and Dobbie, Zrans. Chem. Soc. 1899, 
p. 640. 
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According to this, the introduction of hydroxyl, methyl, hydroxy- 
methyl, carboxy], phenyl, and the halogens occasions a displacement 
towards the red ; the introduction of the nitro and amido groups, and 
also the addition of hydrogen, occasions a displacement towards the 
violet ; exceptions, however, occur. For reasons which will be given 
in the following paragraph, the former group is designated as batho- 
chromic, and the latter as hypso-chromic. In the case of all chemically 
related groups, the displacements increase with increasing molecular 
weight of the radical introduced : thus it is greater in the case of iodine 
than of bromine, and again greater in the case of phenyl than of methyl. 
Of the solvents used, concentrated sulphuric acid gave the sharpest 
colour reactions. 


The Theory of Colouring Substances.—Inasmuch as the colour 
of a substance depends, as is well known, upon its selective absorption, 
therefore, as has been shown by M. Schiitze,' the regularities observed 
regarding the absorption of light give opportunity for some interesting 
observations upon organic colouring matters. The mixture of all the 
colours of the sun’s spectrum appears to be white, because for every 
colour there is an equally strong complementary colour ; and these two, 
when combined, produce in the eye the sensation of whiteness. There- 
fore, when any colour of the spectrum is extinguished by absorption, 
the substance appears to have the colour of the complementary emerg- 
ing rays. The paired complementary colours are as follows :— . 


Violet—Greenish-yellow. 
Indigo—Yellow. 
Cyanide blue—Orange. 
Bluish-green—Red. 
Green—Purple. 

Many colourless substances produce absorption bands in the violet. 
These bands are displaced towards the less refrangible [red] end of the 
spectrum by the introduction of batho-chrome groups; by the entrance 
of bands into the visible part of the spectrum, violet will be first 
absorbed, when the substance will have a greenish-yellow hue. As the 
bands retreat regularly back towards the red, the colour of the 
substance will pass successively into yellow, orange, red, purple, and 
finally back up into violet, when the absorption bands pass from green 
into greenish-yellow. Continued displacement in the same direction 
will cause the appearance of the colours indigo, cyanide blue, bluish- 
green, and when the bands pass into the infra-red spectrum, the body 
will again be colourless. 

This series of absorption colours, which is the simplest possible, is 
very rarely seen, because usually, before the one set of bands has 


passed down through the spectrum, another set appears in the violet 


end of the spectrum, and of course there occur complications between 


these two sets, 
1 Zeitschr. phys. Ohem. 9. 109 (1892). 
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The introduction of “hypso-chromic” groups works in a way 


contrary to that of the batho-chromic groups ; the former produce an ~ 


elevation of the “tone colour,” the latter a depression, whence their 
respective names. As the hypso-chrome groups are of exceptional 
occurrence, the following law may be stated :—the simplest colowring 
substances are in the greenish-yellow and yellow, and with imereasing 
molecular weight the colour passes into orange, red, violet, blue, and green. 
In fact, this law was empirically discovered in 1879 by Nietzki; it is 
by no means perfect, because disturbances arise from various sources— 
thus the very groups introduced to increase the molecular weight may 
have a specific hypso-chrome action in displacing the bands towards 
the violet, or else complications may arise from the existence of 
several bands in the region of the visible spectrum. 

One remark of Schiitze is very interesting, viz. that in the case of 
analogous elements an increase of atomic weight is attended by a 
deepening of colour; a beautiful illustration of this is found in the 
series including colourless fluorine,! yellowish-green chlorine, reddish 
bromine, and violet iodine. 

Now experience shows that the colour of many organic colouring 
substances is due to the presence of certain specific groups in the 
molecule ; thus the colour of the azo derivatives is due to the presence 
of the azo group; it may be therefore assumed that these same groups 
are responsible for the absorption of light in the molecule, and that 
the change of colour is due to the effect of the influence exerted by 
the group which is introduced on the group producing the colour. 

O. N. Witt,’ who first developed this view, called those groups 
which produce the colours chromophores. Inasmuch as their influence 
becomes greater the nearer spatially the group introduced is placed to 
the chromophore, this theory suggests an interesting method for 
determining the value of the influence of relative distance of the 
groups in the molecule, by means of spectroscopic investigation. In 
fact Schiitze, in his work to which repeated reference has been made, 
by the spectroscopic study of a number of azo colouring substances, 
showed that the distances of the atoms as given by the structure 
formule corresponded, on the whole, to the distances evaluated in the 
way mentioned above. 

Interesting direct applications of the above theory were made by 
Wallach,® who recognised the combinations 

C= CH, CO) ‘and C=CHCOCHESC 
as chromophores. All these considerations rest on the fundamental 
assumption that every molecule has a distinct absorption spectruin. Baly 4 


1 Fluorine has been recently found by Moissan to have a light greenish-yellow 
colour similar to, but lighter than, that of chlorine. —Tr. 

2 Ber. 9, 522 (1876). > Gott. Nachr. 1896, Heft 4. 

4 See Henrich, Neuere theoretische Anschauungen auf der Gebiete der organischen 
Chemie, Braunschweig, 1908, p. 179. 
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has recently put forward the idea that tautomeric equilibrium (see Book III. 
Chapter Y. par. “ Tautomerism”) gives rise to specific absorption bands. He 
supports this by the observation (inter alia) that neither the enol nor the 
keto form of acetoacetic ester shows by itself an absorption band, but that 
under the conditions when a tautomeric equilibrium, 72 a quick mutual 
transformation, exists, an absorption band appears. But the fact that no 
similar phenomena have yet been found to attend chemical equilibria makes 
it more probable that the tautomeric change is accompanied, perhaps to a 
very small extent, by the formation of new molecular species, and these give 
rise to the absorption. 


Fluorescence.— According to the investigations of C. Liebermann + 
and R. Meyer,” the somewhat singular property of fluorescence is 
associated with the existence of certain atomic groups in the molecule, 
the fluorophores ; such groups are chiefly rings of six members, mostly 
heterocyclic, such as pyrine, azine, oxazine, and thioazine rings, and 
further atomic rings contained in anthracene and acridine. As in the 
ease of colour the nature of the surrounding atomic groups influences 
the action of the fluorophores. For further details see the monograph 
by Henrich just referred to. 


Crystal Form.— The connection between crystal form and 
molecular structure has not been very thoroughly studied as yet, and 
the results thus far obtained are limited to some rules given by Groth * 
regarding the change in the ratio of the axes occasioned by the 
substitution of certain radicals. This phenomenon in mineralogy is 
called morphotropy. 

It has been already stated that optical isomerism is shown in the 
solid state by the contrasted right and left hemihedral (or tetartohedral) 
crystal forms (pp. 78 and 337). This is doubtless due, like the optical 
rotatory power, to an asymmetric structure of the molecule. But such 
a development of planes may also occur when the structure of the 
molecule is not unsymmetrical ; in such cases it is highly probable that 
the molecules unite in an unsymmetrical way to build up the crystal. 
Hemihedrism may, like the rotatory power of crystallised substances 
(p. 334), be produced in two entirely different ways, one of which, 
the chemical, refers to the method of the arrangement of the atoms in the 
molecule ; the other, the physical, to the arrangement of the molecules in 
the crystal. Both conditions allow of spatial isomerism ; but by passing 
into the liquid or gaseous state, the latter variety of isomerism is 
destroyed, while the former persists. 


Retgers gives some interesting statistics with regard to a law proposed 
by Buys-Ballot in 1846 that the simple chemical compounds take for 


2 Zeitschr. phys. Chem. 24., 478 (1897). 


} 
1 Ber. 13. 913 (1880). 
® Pogg. Ann. 141. 31 (1876); see also Hintze, Zeitschr. Kryst. 12. 165 (1887) ; 


and Retgers, Zeitschr. phys. Chem. 6, 193 (1890), 
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preference a regular or hexagonal shape, that is, crystallise in the simpler 


forms} 
Of 40 monatomic substances (elements) 
there are— 
regular. ; : BE) 
quadratic . : : 3 5 
hexagonal . : , Beer) 
rhombic . : : : 5 
monoclinic 0 : F 5 
triclinic . : : ; 0 


Thus: regular and hexagonal 85 %, all 
other systems 15 %. 


Of 67 diatomic substances there are— 


regular . 68°5 
quadratic 4°5 
hexagonal 19°5 
rhombic . 3°0 
monoclinic 4°5 
triclinic . 0-0 


Thus: regular and hexagonal 88 %, all 
other systems 12 %. 


Of 63 triatomic substances there are— 


Of 20 tetratomic substances there are— 


% 


regular. : c ‘ 5 
quadratic . ° : é 5 
hexagonal . : ; 39) 
rhombic . 4 ; =. “pO 
monoclinic ; 5 : 5 
triclinic . ; . 0 


Thus: regular and hexagonal 40 %, all 
other systems 60 %. 


Of 50 pentatomic substances there are— 


regular. : ; «ll 
quadratic 4 : : : 6 
hexagonal . 5 ; AP 
rhombic . é ~ e 9o 
monoclinic é Stee 6 
triclinic . : 5 ; 2 


Thus: regular and hexagonal 50 Z, all 
other systems 50 %. 


Of 673 polyatomic inorganic compounds 


there are— 

, 4 
regular . 42°0 regular . 58 
quadratic ‘ - ISG quadratic 7:0 
hexagonal ~ . : pee Pb) hexagonal 14°6 
rhombic. ' 23°5 rhombic . 27°3 
monoclinic 3°0 | monoclinic 2 TED: 
triclinic . Q d 15 triclinic . : ‘ : 8-0 

Thus: regular and hexagonal 53 %, all | Thus: regular and hexagonal 20-4 %, all 
other systems 47 %. other systems 79°6 %. 
Of 585 organic substances there are— 

7 “a 
regular . : , : 2°5 rhombic . ‘ ramones i!) 
quadratic 3 2 50 monoclinic, : a ESD 
hexagonal. 5 é 4:0 triclinic . 70 


Thus: regular and hexagonal 6°5 %, all other systems 93°5 %. 


The Systemisation of the Physical Properties.—We will give 
in the concluding paragraph of this chapter only a summary of the 
rather heterogeneous material found here; for unfortunately space 
does not allow more than a short sketch of a subject which is broad 
and which deserves generous treatment. 

A large number of physical properties have been shown to be 
clearly additive, i.c..the value of the property in question can be 
calculated as though the compound were such a mixture of its elements 
that they experience no change in their properties ; thus we can cal- 
culate the properties of a compound from the properties of its components in 


1 Zeitschr. phys. Chem. 14, 1 (1894). 
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exactly the same way as was done for many properties of the physical mixture 
(p. 100). This, as already mentioned in a preceding chapter (p. 168), 
is more clearly shown by the specific heat of solid salts than is the 
rule elsewhere ; but there are many properties of organic compounds 
which are more or less clearly additive, as the volume, refraction, 
magnetism, heat of combustion, etc. Several of these have this in 
common, viz. that their numerical values are a measure of the space actually 
occupied by the molecule. Thus we can infer from quite different sources, 
that the volume of a molecule may be often calculated approximately as the 
sum of the volumes actually occupied by the atoms. 

In some cases the numerical values deduced for the properties of 
the elements from their compounds coincide with the values actually 
shown by the elements in the free state ; thus this is the case for the 
specific heat of solid elements for the atomic volume and the atomic 
refraction of chlorine, but not for the atomic refraction of oxygen. 
We have seen previously, in the case of isomorphic mixtures (p, 117), 
that in some cases the specific volume of a salt in a mixed crystal was 
the same as in the free state, but in other cases very different. 

Now the properties of compounds are no more strictly additive 
than those of physical mixtures. For with compounds the deviations 
from simple additive relations are, as a rule, much more emphatic. 
This is not to be wondered at; for the mutual influence of the pro- 
perties is much smaller in a simple mixture of the molecules, whereby 
there results a physical mixture, than when the atoms unite to form 
a chemical compound. 

The kind of influence of the atom in a compound is primarily 
dependent upon the mode of its union, 7.¢. upon the constitution and 
configuration of the compound. Those properties which are clearly 
influenced in this way (very exact measurements would probably show 
this to be true of all properties) are called “ constitutive,” following the 
example of Ostwald, who has done such great service in the systemisa- 
tion of the physical properties. An excellent example of a strongly 


constitutive property is the absorption of light. Similar examples are 


found in the optical activity, the melting-point, etc. Moreover, our 
knowledge as to how far the influence of constitution is shown in 
certain cases varies with the different properties, but in general it is 
developed to only a slight degree. 

Moreover, it does not seem to me to be certainly established that 
the deviations from simple additive relations are to be ascribed to the 
influence of constitution alone. ~It is quite possible that the molecule 
as a whole may exert an influence upon these deviations, as is evidenced 


_ by many experiments with physical mixtures ; for, in addition to the 
_ forces which are active between the atoms, there are also forces active 


between the molecules,) but the action of the latter may be eliminated 


_ by studying substances in the gaseous state. 


1 Ostwald, Adz. Chem. 2nd edit. 1, 1121 (1891). 
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A third species of properties depends, neither upon the nature of 
the atom in the molecule, nor upon the mode of the union of the 
atoms, but only upon the sum total of the molecule. Properties of 
this kind, which are called “ colligative” by Ostwald, we have considered 
in the chapter on the Determination of the Molecular Weight. Upon 
these properties are based the methods for ascertaining the relative 
weights of molecules.! 


1 Additive properties give no foothold in determining the molecular weights, because, 
as shown in the specitic heats of solid salts, they are not affected by a change in the size 
of the molecule ; but constitutive properties sometimes do render accessory service in 
determining the molecular weights. 


CHAPTER VI 
THE DISSOCIATION OF GASES 


Abnormal Vapour Densities.—In a preceding chapter (p. 249) we 
have considered the methods which enable us to determine the mole- 
cular weights of gaseous and of dissolved substances ; in this and the 
two following chapters a discussion will be given regarding some con- 
clusions which are necessitated by the experimental results obtained 
by the methods mentioned above. These conclusions deal with the 
molecular condition of gaseous and of dissolved substances. 

In some cases, which, to be sure, are not very numerous, one at 
once finds values for the molecular weights which are in glaring con- 
tradiction to those chemical formule which are probable from all 
analogies. Thus the vapour of ammonium chloride has a density 
about one-half as large as it should have if calculated from the formula 
NH,Cl; that of ammonium carbamate has a value about one-third of 
what it should be if calculated from the formula NH,CO,NH, ; 
acetic acid, on the other hand, at lower temperatures, has a 
density considerably greater than that corresponding to the formula 
CH,CO,H. 

Now it could be supposed that, in spite of this unexpected 
behaviour, Avogadro’s rule still holds good, and that the abnormal 
vapour densities were to be explained by abnormal molecular conditions. 
Thus, at almost the same time, Cannizzaro (1857), Koppe (1858), and 
Kekulé (1858) expressed the opinion that the low vapour densities 
must be ascribed to a more or less complete decomposition ; in fact, on 
the basis of this, Kopp succeeded in showing in many cases that the 
decrease of vapour density followed in accordance with the increase in 
the number of molecules resulting from the decomposition. Thus 
ammonium chloride has about only a little more than half its 
theoretically normal vapour density, because it is almost entirely 
decomposed into NH, + HCl; and similarly ammonium carbamate only 
about a third of its vapour density, because it is decomposed into 
2NH, + CO,, ete. Similarly, on the basis of this view, it must be 
concluded that acetic acid is partially polymerised, and that in 

347 


bd 
348 THEORETICAL CHEMISTRY BOOK II 


addition to the simple molecules, more complicated ones occur in 
greater quantity. 

This question, the importance of which was fully realised, was 
attacked in the most different ways, and soon an abundant collection 
of experimental data spoke overwhelmingly in favour of the 
applicability of Avogadro’s law even when the vapour densities were 
abnormal. Thus, in detail, it was not only shown that the gaseous 
decomposition products of the substances in question could be 
recognised by their special physical and chemical behaviour, but also 
that these ingredients could be at least partially separated from each 
other into the free state by means of diffusion. 


Dissociation.—The more or less complete dissociation of a mole- 
cule into its components or dissociation products, we will call dissociation, 
following the usage of St. Claire Deville! to whom we are greatly 
indebted for his investigations on these phenomena, which are of 
fundamental importance for the conception of chemical processes. 

The thorough treatment of dissociation phenomena belongs to the 
department of the so-called “reversible” chemical reactions, and the 
theoretical derivation of the laws of dissociation forms a special case, 
and a very simple one, of the universal laws of reaction. These will 
be considered under the subjects of the doctrine of affinity, and also 
of thermochemistry. Yet, nevertheless, in order to understand what 
follows, it is necessary to introduce some remarks on the dissociation 
of gases. 


The Extent of Dissociation.—Dissociation is a chemical re- 
action, and consists in separating a complex molecule into simpler 
ingredients, thus leading to a continual increase in the number of mole- 
cules. The pressure exerted on the walls of a vessel by a definite 
quantity of a gas, other things being equal, will be greater the greater 
the number of new molecular species produced from the original mole- 
cules, and the further the decomposition of the latter proceeds; and 
also the density of the original gas‘must diminish in the same propor- 
tion, if it is not maintained at constant volume, but at constant 
pressure. 

Let us denote by 6 the vapour density observed when no dissocia- 
tion occurs, and by A that actually observed ; then A must always be 
smaller than 6. Let the number of molecules into which the original 
molecules become decomposed be n; thus in the dissociation of iodine 


Vapour 
4 Reuse 


Here n=2,; and in the case of ammonium carbamate, viz. 
NH{COVONH, = 2NH. = COs 


1 “Sur la dissociation ou la décomposition spontanée des corps sous l’influence de 
la chaleur,” Compt. rend. 45, 857 (1857). The term ‘‘ thermolysis,” suggested by 
Fr. Mohr, has not come into extensive use. 
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n=3. If the decomposition were complete, A would be the nth part 
of 6. In general A lies between 6 and 8/n. 

Let the dissociated part of the gas mass, or the extent of the dis- 
sociation amount to a; then the undissociated part is 1-—a; we. of 
100 molecules, 100a are dissociated and produce 100na new mole- 
cules, while 100(1-—«) molecules remain undecomposed. Thereby 
the number of molecules is increased by dissociation from 


100 to 100na + 100(1 — a) = 100[1 + (n— 1)al, 
and the vapour density diminishes in the same proportion, viz. 
| eae 
1 oe (n = l)a E é 
The extent of the dissociation a is calculated, therefore, to be 
easton 
a (n—- 1)A 
When A = /n, then the extent of the dissociation a= 1, and we have 
complete dissociation ; but when A = 6, then a=0, and no dissociation 


~ has occurred. 


According to experiment, the extent of dissociation varies with 
the temperature and the pressure. It increases with increasing tem- 
perature, and diminishes with increasing pressure. This is expressed 
by the statement that by lowering the temperature and increasing the 
pressure, the values of the vapour densities A and 6 are brought 
nearer together. 


The Physical Conduct of Dissociated Gases—Effusion.—If a 
gas which exists in a state of dissociation is allowed to escape (effuse) 
through a narrow opening into a vacuum, or into a space filled with 
an indifferent gas, then the velocity of the effusion will decrease as the 
density or the molecular weight of the gas increases. Moreover, there 
occurs a partial separation of the products of dissociation, as the effusate 
will contain an excess of the lighter molecules, and the residue an 
excess of the heavier molecules. 

On this phenomenon is based the method of research of Pebal?! in 
proving that ammonium chloride owes its diminished density to an 
extended dissociation into ammonia and hydrochloric acid. ~ This 
method may be demonstrated in a lecture in the following simplified 
form given by Skraup.?_ In a combustion tube of about 10-12 mm. 
diameter, near the middle there is fastened an asbestos plug about 
5 mm. thick. A piece of ammonium chloride is then placed at one 
side of the plug in the middle of the tube, and, in addition, a piece 
of litmus paper in each division of the tube. A blue piece is placed 


} Lieb. Ann. 128, 199 (1862). 
; 2 Exner’s Répert. d. phys. 21. 501 (1884). 
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on the same side of the asbestos plug with the ammonium chloride, 
and ared piece on the other side. On heating the piece of ammonium 
chloride by a Bunsen burner, there occurs a change of colour in 
the inner ends of the litmus paper in both parts of the tube. This 
proves that the effusate reacts alkaline, while the residue reacts 
acid. The experiment should be interrupted in season, as the reaction 
is reversed after a little. 


Colour.—The physical properties of a mixture of any two gases 
are intermediate between those of the particular components, while the 
properties of a compound of two gases exhibit in many respects a deep- 
seated change, as shown for example in the absorption of light, Now, 
dissociation must cause the physical properties of gases to approach 
those of their components, and thus it is usually possible to draw some 
inference from the change in the physical properties of gases relative 
to the progress of dissociation. In this way Deville observed that 
the colourless vapour of phosphorus pentachloride became distinctly 
green at higher temperatures. This is explained by a dissociation in 
the sense of the following equation : 


PCI, = PCl, + Cl, 


which is likewise in harmony with the vapour density determinations. 

An experiment which can be easily carried out consists in heating 
a flask filled with nitrogen dioxide. This will become almost colour- 
less by cooling, and then, on gentle heating, it will appear to be filled 
with a dark-brown vapour, which is again decolorised by cooling. In 
this case Salet+ succeeded in showing, in a quantitative way, that the 
colour varied with the change in vapour density, and that it was 
entirely explained on the supposition that nitrogen dioxide consists of 
a mixture of colourless compound N,O,, and a brownish-red gas NO,, 
and that the latter molecular species increases with increasing tempera- 
ture at the expense of the former. 


Specific Heat.—The specific heat of a gas, existing in a state 
of dissociation, is abnormally great. This is due to the fact that 
the heat introduced is used not only in raising the temperature, but 
also in effecting dissociation, which is attended with considerable 
absorption of heat. We are indebted to Berthelot and Ogier for 
measurements of this sort. These measurements were made with 
nitrogen dioxide? and acetic acid vapour.* The molecular heat of 
nitrogen dioxide (referred to NO, = 46 g. and at constant pressure) at 
0° is about 95°1; at 100° it is only about 39:1, while at 157° it falls 
to 71. At this latter temperature, where the dissociation is almost 

1 Compt. rend. 67. 488 (1868). 


2 Ibid. 94. 916 ; Bull. Soc. chim. 37, 434 (1882). 
3 Bull. Soc. chim. 38. 60 (1882). 
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complete, we find a value of the molecular heat which would naturally 
be expected from the figures on p. 45. 

Gaseous acetic acid conducts itself in a similar way. In this case 
the investigators mentioned above found the following values for the 
molecular heat C, at the respective temperatures : 


f= 129" 160° 200° 240° 280° 
C,= 90°1 76°2 57:0 38°2 28°5 g.-cal. 


Inasmuch as the degree of dissociation varies not only with the 
temperature, but also with the pressure, it is to be expected that the 
specific heat of those gases, which are already in a state of dissocia- 
tion, would vary considerably when compared with those gases which 
either are not at all dissociated, or only partly so, according to the 
pressure. 


Thermal Conductivity.—The kinetic theory allows of an interest- 
ing application of the thermal conductivity of gases in a state of dis- 
sociation. As we have already seen (p. 203), heat is carried through 
an ideal gas in the direction of the fall of temperature by equalisation 
of the mean kinetic energy of the molecules; in gases in a state of 
dissociation a new factor enters. At the higher temperature the dis- 
sociation is more considerable than at the lower; the result is that 
when, in consequence of the irregular heat movements, undissociated 
molecules pass into the hotter part of the gas, they partly decompose 
there ; conversely, when the products of dissociation come into the 
colder parts they partially recombine to form non-dissociated gas. 
But since dissociation is accompanied by absorption of heat and refor- 
mation of undissociated molecules by generation of heat, the above 
described process furthers the equalisation of temperature between 
the two parts of the gas, that is, it considerably increases the thermal 
conductivity. 

Actually Magnanini and Malagnini found that the thermal! con- 
ductivity of nitrogen dioxide in the dissociating state is more than 
three times as great as when the gas is completely dissociated. This 
appears to be a remarkable confirmation of the kinetic conception of 
matter. 

The quantity of heat transported in the form of heat of dissociation 
in a partially dissociated gas can be calculated if the amount of 
dissociated and non-dissociated molecules which pass through an area 
in the gas at right. angles to the temperature gradient be known ; the 
quantity of heat in question is then proportional to the excess of un- 


1 Nuovo Cim. 6. 352 (1897); later Magnanini and Zunino, Mem. Acad. Modena 


_ [8], 2. (1899). R. Goldschmidt has shown (“Sur les rapports entre la dissociation et la 
 conductibilité thermique des gaz, ” These, Briissel, 1902) that, in determining the thermal 


conductivity of gases, we possess a means of detecting dissociation at very high tempera- 


* tures where measurement is hardly possible otherwise, 
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dissociated molecules which travel in unit time against the tempera- 
ture gradient over the quantity that travels in the opposite direction.' 


The Condition of Dissociation—The results given in this 
chapter show that the state of an ideal gas is realised only when there 
is no dissociation at all, or else when it is complete. In the first case 
we have a simple gas; in the latter case a gas mixture, the properties 
of which are a combination of the properties of the components. The 
gas laws cease to hold good only in the case of partly dissociated gases, 
for here changes in the temperature and the pressure are associated 
with changes in the molecular condition, and the gases vary enormously 
in their behaviour, not only as regards their compressibility and 
their expansion by heat, but also as regards all their other physical 
properties. 

This passage from the normal behaviour of a simple gas to 
another normal behaviour of a gas mixture is called passing to the 
state of dissociation. The laws of the state of dissociation will be con- 
sidered in the section devoted to the doctrine of affinity. Here we will 
only refer to the results of pure experiment. These show that those 


vapour densities which seemed to contradict Avogadro’s rule most — 


decidedly are associated with very remarkable deviations in all their 
physical behaviour, and these deviations which at first seemed to con- 
tradict Avogadro’s rule really argue strongly in its favour. 


1 See Nernst, Jubelband Boltzmann, p. 904 (1904), for the quantitative calculation 
of the influence of dissociation on the thermal conductivity from the standpoint of the 
kinetic theory, and for the general theory of this phenomenon and others related to it. 


" . 
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CHAPTER VII 
ELECTROLYTIC DISSOCIATION 


Dissociation in Solutions.— As already stated on p. 270, abnor- 
mal vapour densities are completely analogous to the abnormal values 
of the osmotic pressure of dilute solutions observed in many cases, It 
is an immediate inference to explain these abnormal osmotic pressures, 
in the sense of van’'t Hoff’s generalised form of Avogardo’s rule, in a 
similar way, viz. as being due to abnormal molecular conditions. This 
assumption almost amounts to a certainty from the fact that almost 
all the instances of dissociation which have been met with thus far 
in the case of gases are also observed if the particular gas is investi- 
gated, in a suitable solvent, at about the same temperature. Very 
often the abnormal vapour density of a substance is also found to correspond 
to an abnormal value of its osmotic pressure. 

Let us suppose a molecule, existing in solution, to decompose into n 
new and smaller molecular species. These may consist of one or of 
several atoms, and may be similar or dissimilar. Let t, denote the 
lowering of the freezing-point (or a value which is proportional to the 
osmotic pressure, as, for example, the lowering of the vapour pressure, 
the raising of the boiling-point, etc.) calculated from the molecular 
proportions of the substance in question, on the assumption that the 
dissolved substance is not at all dissociated ; and in accordance with 
this, let nt, be the lowering of the freezing-point corresponding to 
complete dissociation. Then the value of t, as observed, will lie 
between these limiting values. An increase in the number of mole- 
cules, in the proportion of 1:1 + (n—1)a, will correspond to the 
degree of dissociation a. Therefore it follows that 


1+(n- igen 
f 
and therefore 
‘ gl t— ty 
Cee 


Numerous experimental investigations, for which we are par- 
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ticularly indebted not only to Raoult, but also to Beckmann? and 
Eykmann,? have led to the result that it is usual to find substances 
in solution not existing as simple molecules, but in a state of dis- 
sociation. Thus the organic acids in benzene solution, as in the 
gaseous state, consist of double molecules, but these separate into 
single ones on further dilution. Chloral hydrate in acetic acid, as in 
the gaseous state, decomposes partially into chloral se water, as is 
shown from the following table :— 


m. | t. a. 
0°266 0:095 0°52 
1°179 0°385 0:38 
2447 | 0-755 0°31 
4-900 1450 | 0-25 


Here m denotes the number of grams of chloral hydrate dissolved in 
100 g. of acetic acid. The lowering of the freezing-point t,, which 
would be observed in the normal behaviour of chloral hydrate, is 
calculated from the formula given on p. 146— 


he 3916535 os 

Here 39 denotes the molecular depression of acetic acid, and 165-5 
the molecular weight of the undissociated chloral hydrate. ‘The degree 
of dissociation, given in the third column of the preceding table, is 
calculated from the formula 


t= 


It is obvious that, with increasing concentration, this becomes smaller ; 
and that, conversely, with decreasing concentration, it converges 
towards a value of one. At a high degree of concentration the 
behaviour of the solution would approach that of an ideal one, pro- 
vided that certain discrepancies did not occur, independently of dissocia- 
tion, at high degrees of concentration. Ata high degree of dilution 
there would be a mixture of the two substances, water and chloral, 


which would perfectly obey the laws of ideal solutions, while between — 


these extremes a state of dissociation exists. 


Aqueous Solutions.—It was a striking fact that abnormal values” 


of the osmotic pressure were very often found in the case of water 


1 Zeitschr. phys. Chem. 2. 715 (1888) ; 6. 487 (1890). 
2 Ibid. 4, 497 (1889). 
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solutions. All the methods of measuring the osmotic pressure led, 
with quantitative coincidence, to this result; that it is much greater 
for acids, bases, and salts in water solution than it should be if calculated 
| from the molecular weights of the respective substances, either in the 
| gaseous state or in other solvents than water. If we assume that the 
| Avogadro-van’t Hoff law holds good here, we are forced to. the 
|. unavoidable conclusion that these substances, when dissolved in water, 
are in a peculiar molecular condition, and must be dissociated to a greater 
or less degree. 
But one of the first difficulties here consists in answering the 
' question, What are the products of the dissociation? Such a sub- 
stance as hydrochloric acid, for instance, undoubtedly has, as a gas, 
a molecular weight corresponding to the formula HCl. But inasmuch 
as the lowering of the freezing-point, in water solution, is almost 
twice as great as that which should correspond to that molecular 
formula, the original molecule, when dissolved, must be separated into 
two new ones, i.¢. HCl must be dissociated into H and Cl. Both of 
these dissociation products are such that we cannot recognise them 
_ in any other way. At ordinary temperatures hydrogen and chlorine 
{ are known to us as H, and Cl, respectively: if we boil a water 
solution of hydrochloric acid, we obtain HCl to be sure, but no free 
hydrogen or free chlorine. So an assumption like that mentioned 
| above appears, at first glance, very improbable; and there would be 
some difficulty in understanding it if the same assumption were not 
_ shown to.be necessarily true from an entirely different aspect, and if 
' we did not have, at the same time, more detailed explanations 
regarding the nature of the dissociation products of salts, acids, and 
| bases, in water solution. 
- In the case of salts one would at once think of separation into 
the acid and the base, and thus explain their great osmotic pressure : 
in fact, we will consider later this so-called “hydrolytic dissociation” ; 
but it is not possible to consider it such a common phenomenon as 
the abnormal pressures are, because salts can be separated, by diffusion, 
into the respective acids and bases in only a very few cases. For, 
disregarding for the moment many other reasons which contradict 
such a method of explanation, and to which we will return later, this 
' assumption fails utterly in the case of acids and bases, which, as well 
as salts, show abnormal osmotic pressures. Therefore we are forced 
_ to seek another explanation. 
Now it happens that those substances, and only those substances, which 
can conduct the galvanic current in water solution, 1.¢. the electrolytes, are 
the ones which exhibit osmotic pressures very much greater than those which are 
_ _caleulated for their concentration and their molecular weight in the gaseous 
_ state; and, moreover, if the same substances, when dissolved in other 
solvents, are unable to conduct electricity in any marked degree, then they also 
dose their abnormal behaviowr. Thus we are forced to the view that, if 
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dissociation actually takes place, it is intimately connected with the 
conduction of electricity by electrolytes. 


Electrolytic Conduction.—Let us try to frame a mental image 
of electrolytic conduction. It is a well-known fact that, in contrast 
to the metallic conduction of electricity, it is associated with a trans- 
portation of matter ; and, moreover, that the passage of the galvanic 
stream from the metallic electrode into the solution is, according to 
circumstances, either associated with the solution of the metal, or else 
with the separation of the substance in the solution and its deposition 
on the electrode. 

Thus if we introduce gaseous hydrochloric acid between the 
platinum electrodes of a galvanic battery, no appreciable transference 
of electricity occurs; neither is there any transference of electricity 
if we introduce very pure water between the poles; but the electricity 
passes readily if the poles are introduced into water containing 
hydrochloric acid. Thus, it is fair to suppose that the hydrochloric 
acid, which is dissolved in water, is in a molecular condition different 
from that in the gaseous state ; because in the one case it can conduct 
electricity, but not in the other. The following picture is both 
clear and simple in attempting to account for the definite conception 
entertained. 

When a current passes through the solution, free chlorine is 
separated at the anode, where the current enters the solution; and 
free hydrogen at the cathode, where it leaves the solution: one com- 
ponent of the electrolyte ‘“‘ wanders” in one direction, the other in 
the other direction. This is explained most simply by supposing 
that the electrolytes consist of different parts which are oppositely 
polarised, i.¢. of molecules charged respectively as electro-positive and 
electro-negative. These parts, after the usage introduced into science 
by Faraday, are called “ivns.” According to this view, in the solu- 
tion, the galvanic current consists in the passage of the positively 
charged oins, the “cations,” in one direction, and in the passage of the 
negatively charged ions, the ‘‘anzons,” in the other direction. The 
passage of positive electricity from the [one] electrode into the solution 
is accordingly associated with a separation of anions ; and the passage 
of positive electricity out of the solution into the [other] electrode 
is associated with a separation of cations. 

The capacity of dissolved substances to conduct the electric 
current thus assumes a decomposition into positively and negatively 
charged molecules, which we will, call “electrolytic dissociation.” Of 
course it is not necessary for the decomposition to be complete, for in 
addition to the electrolytically dissociated molecules, there may also 


1 The expression “‘donisation” sometimes used should rather be reserved for the 
formation of ions in gases produced by the action of Rontgen rays and the like (see 
Chap. IX. of this Book), 
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exist in the solution undecomposed molecules, which are electrically 
_ neutral. 

| Only the former are instrumental in current conduction, and it is 
apparent, other things being equal, that a solution will have a greater 
conductivity, or a less resistance, the larger the fraction of the 
electrolytically dissociated molecules in the solution. Cane sugar, 
when dissolved in water, does not conduct electricity noticeably ; 
therefore it must consist entirely, or at least almost entirely, of 
uncleaved molecules which are electrically neutral. On the other 
hand, hydrochloric acid is a good conductor of electricity ; and 
therefore the gas which has been absorbed by 
water must have attained a high degree of elec- 
trolytic dissociation. 

On the basis of these preceding remarks, 
“we will now attempt to draw a picture of the 
mechanism of electrolytic conduction. Let 
there be a water solution of hydrochloric acid 
between two platinum plates (Fig. 31). These 
two platinum electrodes are in connection 

{ with a source of electricity, as, for example, with 

a galvanic battery. The first result of this is Fig, 31. 

that the platinum plate, which is connected 

with the positively conducting pole, becomes charged with positive 

electricity, and the other becomes charged with negative electricity. 
As a result of these charges, the free electricities of the electrodes 

_ will exert an electrostatic attraction or repulsion on the free ions in 
the solution, which are charged with free electricity ; the positive 

ions will be attracted by the negative electricity of the cathode, 

_ and will be repelled by the positive electricity of the anode; thus 

_ a force will be developed, acting in the direction of the arrows. 

The reverse of this will happen in the case of the negative ions ; 
and thus there will be developed a force in the opposite direction. 
No force of this sort will be exerted upon the electrically neutral 
molecules. 

As a result of this electrical attraction and repulsion, there results 
a displacement of the free ions in the solution, whereby the positive 
ions wander from the anode to the cathode, and the negative ions in 
the opposite direction. This wandering [or “migration” | of the ions 
represents to us that which we call an electric current in an electrolyte. 


The Free Ions.—It now remains to determine the material 
nature of the ions and of the electrically neutral molecule. In the elec- 
trolysis of hydrochloric acid, free hydrogen is separated at the cathode 
and free chlorine at the anode : therefore the former must be positively 
_ charged, the latter negatively. Thus we arrive at the result that 

hydrochloric acid, when dissolved in water, must be dissociated into 


ae a 
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positively charged hydrogen ions and negatively charged chlorine ions. 
Of course we must regard the undissociated hydrochloric acid molecules 
as being electrically neutral. A similar inference must of course be 
drawn for all other electrolytes. 

We may learn something about the molecular dimensions of the 
ions, and about the degree of electrolytic dissociation, by the aid of 
principles developed previously. 

The osmotic pressure in a dilute solution of hydrochloric acid, as 
shown by the quantitative coincidence of results obtained in different 
ways, is almost twice as great as that corresponding to its gaseous 
molecular weight ; therefore two new molecules must result from the 
solution of one in water. This means nothing else than that the 
electrolytic dissociation is almost complete ; thus-— 


+ =* 
HCl=H + Cl. 


The ions of hydrochloric acid are thus monatomic. 

Now since two opposite kinds of electricity are produced in 
equivalent quantities by this cleavage, the positive charge of the 
hydrogen must be exactly as great as the negative charge of the 
chlorine, z.¢. an atom of hydrogen and an atom. of chlorine are electrically 
equivalent. An important conclusion follows from this. If a definite 
quantity of electricity passes through our electrolytic cell, then 
electrically equivalent quantities of the ions must separate out on the 
two electrodes ; for otherwise there would occur an enormous accumu- 
lation of free electricity in the circuit, which is impossible. Thus 
hydrogen and chlorine must be set free, at the electrodes, in equivalent 
electrical quantities, or, what amounts to the same thing, in equivalent 
chemacal quantities. 

Now if we put into the same electric circuit a cell filled with 
hydrobromic acid, then on the cathodes of the two electrolytic cells 
the same quantities of hydrogen will be set free ; and on the respective 
anodes there will be set free equivalent quantities of chlorine and 
bromine. And in general it may be said that chemically equivalent 
quantities of the most various tons are set free from the most various solutions 
by the same quantity of electric current. 

As is well known, this statement is most completely substantiated 
by experience; it is simply the fundamental law of electrolysis, 
advanced by Faraday and demonstrated most exactly by experiment. 

Those ions which are charged with the same equivalent quantities 
of electricity as the hydrogen ion, the chlorine ion, etc., are called 
univalent ; those ions which are charged respectively with a twofold, or 
a threefold, etc., quantity of electricity are called divalent, trivalent, etc. 

Thus sulphuric acid, for instance, in dilute solution, exhibits an 
osmotic pressure which is three times as great as that which should 
correspond to its concentration, and to the molecular formula H,SO, : 
this means simply that, under these circumstances, three new molecules 


7% 
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have been produced from one ; and that an almost complete dissociation 
has occurred, in the sense of the following equation :— 


; a 

H,S0,=H +H +S0,. 

The negative ion, SO,, must be as heavily charged as the two positive 
ions together, i.e. with twice as great a quantity of electricity as a 


hydrogen ion ; this is indicated by a double dash (SO,). 

Accordingly we call the SO, a divalent ion, and sulphuric acid a 
di-basic acid ; and in general we call an acid which produces n hydrogen 
atoms, by complete dissociation, n-basic. 

The radical hydroxyl (hydroxyl ion) OH, which has a negative 
charge, is a univalent ion ; it is produced by the electrolytic dissocia- 
tion of water, which happens to only a very slight degree under 
ordinary circumstances, thus — 


+ — 
H,O=H+0H; 


and also in the dissociation of bases, as sodium hydroxide, ¢.g.— 


+ — 
NaOH = Na + OH. 


Those bases, the molecules of which, like the preceding, give only one 
hydroxyl ion on ionisation as above, are called monacid ; those bases 
which, like barium hydroxide, produce two hydroxyl] ions, are called 
di-acid, etc. ; thus 


++ =~ — 
Ba(OH), = Ba + OH + OH. 


It is very remarkable that similar ions may have very different 
charges, even in the same solution; thus the iron ion, produced by 
the dissociation of ferrous chloride, is divalent, thus— 


SOE het 
FeCl, = Fe + Cl + Cl, 


while the iron ion, produced by the dissociation of ferric chloride, is 
trivalent, thus— 


a 
FeCl, = Fe + Cl + Cl + Cl. 


Thus we see that the electric value of an element is by no means a 
constant property, but may vary by leaps in certain cases. It is possible 
that a thorough investigation of this change in the electrical value of 
certain elements might prove the starting-point for a deeper insight 
into the reason for the change in valence, and into the nature of 
valence.* 

In the manner just described, it is usually possible to answer the 


question regarding the nature and value of the ions quite certainly, 


1 In this connection see the paragraph on “The Variability of Chemical Valence” 
(p. 284).—TrR, 
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by combining the results of the determination of the molecular weight 
and of the conductivity. 


Moreover, the chemical behaviour of solutions usually yields im- 
portant information on this point (see Chap. IV. of the Third Book). 


The Determination of the Degree of Electrolytic Dissocia- 
tion.—It is not only important to answer the question regarding the 
nature of the ions, but also another question, viz. how far the decom- 
position of the electrically neutral molecules in the solution has proceeded. 
Therefore a knowledge of the degree of dissociation of an electrolyte 
is of great significance, inasmuch as many other properties, besides 
the conductivity and the osmotic pressure, depend upon the extent 
of the electrolytic dissociation; and especially is this true of the 
share of the dissolved substances in chemical reactions: a thorough refer- 
ence will be made to this point under the subject of the doctrine 
of affinity. 

The degree of dissociation, or the value of the coefficient of 
dissociation, by which is meant the ratio of the dissociated molecules 
to the whole number of molecules, can be directly obtained in 
two independent ways: from the osmotic pressure and from the 
conductivity. 

The first method is of course exactly similar to that by which 
the ordinary (i.e. the non-electrolytic) dissociation in solution is 
determined (p. 353). Thus if P, denotes the osmotic pressure, as 
calculated from the gas laws without reference to dissociation, and if 
P denotes that actually observed, then it will follow that 

P. P-P, 
1+(n-1l)a= Pp (n= 1)P,’ 
where a denotes the degree of electrolytic dissociation and n the 
number of ions into which one molecule dissociates. Instead of the 
ratio of the respective osmotic pressures, we may, of course, use the 
relative depressions of the freezing-point, or of the vapour pressure. 

Another way is given by the determination of the electrical 
conductivity ; this can be easily and exactly done by the method 
proposed by F. Kohlrausch.!' A full description of this method, so 
commonly used in the laboratory, need hardly be given here. It need 
only be mentioned that this method depends upon the use of Wheat- 
stone’s bridge ; and that instead of a constant current, an alternating 
current produced by an induction coil is used, whereby the dis- 
turbing effect of polarisation is eliminated ; and that instead of a 
galvanometer, as a current indicator, use is made of a telephone which 
is sensitive to the alternating current. 

The unit of conductivity now adopted is that of a body of which 

1 This method is found in F. Kohlrausch, Lehrb. d. prakt. Physik. 9 Aufl. S. 409 ; 


see further Ostwald, Physiko chem. Messungen, Leipzig, 1902, p. 395; and especially 
Kohlrausch and Holborn, Lettuermégen der Hlektrolyte, Leipzig, 1898. 
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a column 1 em. long and 1 em.? in cross-section has a resistance of 1 ohm. 
If, therefore, a body of this size possesses a resistance w, it has a 
conductivity « :— 
ie Se 
W 
The conductivity of an electrolyte divided by its concentration 
(=number of g-equivalents in cm.%) is called the molecular con- 
ductivity A— - 
wes, 
ui 
Formerly the conductivity of mercury at 0° was adopted as the unit 
of conductivity ; in the above measure it is 10,630, hence the conductivity 


in terms of mereury 
K 


~ 10,630 


Similarly the molecular conductivity A was formerly defined as 
k 
N==) 
@ 
where c=10007, that is, expresses the normality. 


Now, according to the statements on p. 356, the conductivity is 
proportional to the number of free ions, i.¢. it is proportional to the 
product ay, and therefore it is directly proportional to the degree of 
dissociation, a itself. That is, we may put 


Rake 


while K is a proportional factor. For very great dilution the electro- 
lytic dissociation becomes complete, that is,«=1; if the molecular 
conductivity measured for sufficiently great dilution be written Aa , we 
simply get 
A K and i 
o =K anda= 7. 

The following table gives the molecular conductivities obtained by 

Kohlrausch ! for various dilutions of potassium chloride at 18° :— 


KCl. 
| > a oe sy > | 
c=1000n. A. a. c=10007. | A a 
1°0 98-2 0°748 0-005 | 124°6 0-950 
0°5 102°3 0-780 || 0-001 127°6 0-973 
Ol 111°9 0°853 0-0005 | 128°3 0-978 | 
0:03 118°3 0902 0:0001 129°5 0-987 
0‘01 122°5 0°934 a 1 niGhian 1:000 
| | 
Aco =131°2. 


) 


| Wied. Ann. 26. 161 (1885) ; Leitvermégen, ete., p.159. 
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_It may be remarked here that the change of the conductivity 
with the concentration from 0°1 normal downwards is very nearly the 
same for all salts made up by combination of univalent radicals, ‘.¢. 
that in equivalent solutions these salts experience the same high dassocration. 
Therefore the value of ain the preceding table can be used to calculate 
the degree of dissociation of almost all these salts, e.g. NaCl, LiNO,, 
CH,CO,NH,, ete. 

The combination of these two methods for the determination of a 
gives 
A P= Pe 
Aco (n—- Wie 


This law was established by Anrhenine 1 who was the first to een 
clearly the hypothesis of electrolytic dissociation; it unites the 
abnormal values of the osmotic pressure of electrolytes with the 
changes of conductivity with varying concentration. The law has 
been well established not only by the preliminary calculation of the 
available material by Arrhenius, but also by its subsequent more exact 
proof.” The following table will serve as an illustration; here are 
given the values of the factor 1+(n-—-1)a, ze. the ratio in which the 
number of molecules is increased by dissociation; under column I. 
are given the results according to the plasmolytic method (p. 129) ; 
under II. the results according to the freezing-point method; and 
under III. the results according to the method of conductivity. 


1+(n-1)a. 
Substance. n. c. | 
| I 11 beer 
| | 
Cane sugar 0 03 1:00 1:08 1°00 
CH s00nkl 2 0°33 9 1°04 1:01 
KCl 2 0714 1°81 1°93 1°86 
LiCl 2 0°13 1°92 1°94 1°84 
MgSO, 2 0°38 1:25 1:20, 1°35 
CaN,0, 3 018 | 2°48 2°47 2°46 
SrCl, 3 0:18 | 2°69 2°52 2°51 
K,FeCy, 5 0°356 | 3-09 a 3°07 


Hittorf’s Transport Numbers and Kohlrausch’s Law of the 
Independent Migration of Ions.—On turning back to consider 
the mechanism of electric conduction, the question at once arises as to 
the velocity with which the ions are, transported through the solution, 
at a given difference of potential between the electrodes, and with 
given dimensions of the electrolytic cell. The magnitude of the force 

1 Zeitschr. phys. Chem. 1. 631 (1887). 


2 Arrhenius, Zeitschr. phys. Chem. 2, 491 (1888); van't Hoff and Reicher, 
ibid. 3, 198 (1889). 
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acting on the ions, and depending upon the charges of the electrodes, 
other things being equal, is of course equally great for all univalent 
ions ; and, moreover, the pull exerted upon the positive ions in the 
direction of the current is just exactly as strong as the pull exerted 
upon the negative ions in the opposite direction ; and of course the 
force which drives n-valent ions is n-fold as great. 

But the frictional resistance of the different ions will vary with their 
varying nature. It may be predicted, with a large degree of proba- 
bility, that this frictional resistance will be very great ; for, if we notice 
how slowly a fine precipitate in water sinks to the bottom, and that it 
requires more time the finer the precipitate is—then it follows that 
such extraordinarily fine particles as the ions are would require an 
enormous force to transport them through the solution with any notice- 
able velocity. On this assumption, which will be justified later, we may 
regard the ions as points of mass with very great friction (p. 14), and there- 
fore set their velocity proportional to the forces acting on them. But as the 
. intensity of current is proportional to the velocity at which the ions 
travel in the solvent, it is proportional to the electromotive force, that 
is, Ohm’s Law holds. 


Jt appears from equation 7, p. 15, that force and velocity are not propor- 
tional at the first moment, but on account of the very large friction this 
initial stage is not accessible to experimental proof (see Cohn).! 


| 


The term frictional resistance will be understood as meaning that 
foree—expressed ¢.g. in kilogram weights—which will be required to 
drive 1 g.-ion, 1.¢. the molecular weight of the ion expressed’in grams, 
against the solvent, with a velocity of 1 cm. per sec. ; and the term 
mobility or velocity of transport will mean the reciprocal of this force, i.e. 
the velocity with which 1 g.-ion will be transported under the influence 
of a pull of 1, e.g. 1 kilogram weight. 

Now, for the sake of simplicity, let us consider a binary electrolyte, 
7.é. one composed of two univalent ions, and let us suppose that the 
quantity of electricity, E, is sent through the electrolytic cell. Then 
transference of ions occurs so that the positive ones are carried 
“in the direction of the current” through the solvent, and the nega- 
tive ones in the opposite direction. If we take a cross-section through 
the electrolytic cell, at any selected place, at right angles to the current, 
then the electricity conveyed by the positive ions in the direction of 
the current, plus that conveyed by the negative atoms in the opposite 
direction, is equal.to E. 


Now if we denote the mobility of the positive and negative ions 

by U and V, then their respective velocities will be in the same ratio 

_ as their mobilities ; since they are, at every instant of the passage of 
_ electricity, under the influence of the same forces. The transport of a 


1 Wied. Ann. 38. 217 (1889). 
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quantity of electricity, E, occurs therefore in this way: in the direction 
of the current, there “ wander” 


U Ge 

E —— positive ions 

U+V P ; 
and in the opposite direction 


E 


ae B=! &, 
negative ions. 
Uey 
Now at the cathode, E equivalents of + electricity separate in the 
form of positive ions; and these disappear from the solution, and are 
precipitated, as gas or metal, on the electrode (of course in an electric- 
reales ve 
aw. V ions have thus passed by the “ionic 
migration.” Moreover, at the close of the experiment, there will be 
found a diminution of concentration in the solution in the neighbour- 


ally neutral state): E 


Ni Bins : 
Tay Cations ; 
or, according to what has preceded, to the removal of the same 
quantity of negative ions by the wandering [in the opposite direction], 


hood of the cathode, corresponding to the removal of E 


and therefore corresponding to E Ua equivalents of the electrolyte. 
In a precisely analogous way it follows that the liquid in the neigh- 
bourhood of the anode must lose E Uv equivalents of electrolyte. 

Now tt is usually the case that the separated quantities of anion 
and cation respectively react, in a secondary way, either upon the 
solution or upon the metal of the electrode. Thus by the electrolysis 
of potassium chloride, the metallic potassium, which is deposited upon 
the cathode by the passage of the quantity of electricity E through 
the cell, does not remain there as such; but, as is well known, it 
reacts upon the solvent, forming potassium hydroxide and hydrogen. 
If we electrolyse silver nitrate between silver electrodes, there does 
not result an accumulation of the free radical NO,, equivalent to E, at 
the anode, but this reacts with the metal of the electrode forming the 
equivalent quantity of silver nitrate. Therefore the variations in 
concentration in the neighbourhood of the electrodes are changed in 
a corresponding way, to be sure, but in such a way that it can be 
easily calculated in each particular case. 

For the thorough study of these changes in concentration produced 
by the wandering of the ions, and also for their theoretical interpreta- 
tion in the sense given above, we are indebted to Hittorft His work 
is of fundamental importance, both in framing a conception of electro- 
lysis and also in the theory of solutions. Following the usage of 


1 Pogg. Ann. 89.177; 98.1; 103.1; 106. 337 (1858-59) ; see also Ostwald’s 
Classiker, Nos; 21 and 23. 
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Hittorf, we will designate the following ratios, which can be deter- 
mined directly by experiment, as the transport values of the cations and 
anions respectively, viz. 


n and 1 —n 


ral) *4 
~U+V ~U+V 

In practice it is often possible to decide upon the nature of the 
ions by measurements of migration velocities, especially in the case 
of complex molecules. 

The discovery of the relation between the conductivity and trans- 
port numbers was made by Friedrich Kohlrausch:! we will proceed 
to derive it by the consideration of electrolytic dissociation. 


Kohlrausch’s Law of the Independent Wandering of Ions. 
—The conductivity of a solution of a binary electrolyte is greater in 
accordance as it contains more free ions, and according as these have 
a greater mobility ; and since the particular quantities of electricity 
transported by the anion and cation are directly proportional to their 
mobility, therefore the conductivity must be proportional to their 
sum ; that is, the specific conductivity « of a solution, which contains 
» mols of the electrolyte in a c.cm, must be 

«k=anF(U + V), 
where a denotes the degree of dissociation at the respective concentra- 
tion. F is a proportional factor, depending on the system of units 
chosen. By making 
eet andy Ve 
we obtain 
K= an(u a5 v) R 


or, writing for “ the molecular conductivity A, 
Y 
A =(u + vja. 


At very great dilution a=1; then by noticing that u and v are pro- 
portional to the magnitudes U and V introduced above, we obtain the 
three equations, 

NMo=ut+v; u=nio; v=(l=-n)Ao. 

These express Kohlrausch’s law of the independent wandering of the 
tons. They state primarily that the molecular conductivity of a binary 
electrolyte is equal to the swm of the conductivities of the two ions, i.e. that it 
is an additive property; further, that there exists between the con- 
ductivity and the transport values an intimate relation, such, that if 
the transport value of one electrolyte is known, the transport values 
of the other electrolytes can be calculated from the respective 
conductivities. 

These rules hold good for those electrolytes which are completely 


1 Wied. Ann. 6. 1 (1879) ; 26. 161 (1885). 
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dissociated, but they likewise apply to the comparison of electrolytes 
existing in the same state of dissociation, as one can easily convince 
oneself. When Kohlrausch developed his law, the difference between 
the conducting molecules (i.e. the free ions) and the inactive molecules 
of an electrolyte was not recognised ; and Kohlrausch, on proving his 
law by means of the conductivities measured by himself and the 
transport values obtained earlier by Hittorf, found good coincidence 
in all cases between calculation and experiment, when he compared 
electrolytes in the same degree of dissociation, but otherwise he found 
decided deviations. As is obvious from the deduction given above, 
Arrhenius showed that Kohlrausch’s law must necessarily fail when 
electrolytes are compared which are dissociated to different degrees. 

Soon afterwards an experimental investigation! was especially 
’ directed to this point. The conductivity and transport values of dilute 
silver salts were measured, and it was shown that Kohlrausch’s relation 
between the conductivity and the transport values was strictly 
accurate when the two values refer to electrolytes which are completely 
dissociated. 

The following table gives the molecular conductivity for a number 
of ions: the values are referred to a temperature of 18° :— 


Ki ai Neb ae Na iis, (ike H 
u=65°'3 64°2 44-4 35°5 lng 7 318 

Cl Br I NO, ClO;  CO,H’ “Geeee OH 
v=65'°9 667 667 60°83 56° 45 33°7 174 


Thus from the preceding table the molecular conductivity of 
potassium chloride, ¢.g., is 131°2 at infinite dilution ; and its transport 
value is calculated to be 0°50; while the respective values obtained 
by experiment are 131 and 0°51. 

The great practical value of this law consists in the fact that we 
may calculate quite certainly the limiting value of the molecular conductivity of 
those electrolytes at infinite dilution, in the cases of which we cannot reach the 
limit by experiment. Thus we can obtain the limiting value of the 
potassium chloride quite certainly by extrapolation (p. 361); but this 
is not the case with ammonia, as is shown by the following figures :— 

Concentration . . =1:0 01 0°01 0°'001 g. equivalents per litre. 
Mol. conductivity of } NH, » =0°89 3'3 96 28 

At dilutions when measurement begins to become very uncertain, 
ammonia falls too far short of complete dissociation to enable us to 
assume a constant molecular conductivity. But from Kohlrausch’s 
law we can calculate, with full certainty, the limiting value of the 
molecular conductivity of ammonia (ammonium hydroxide = NH, + OH) 
at infinite dilution, by means of the mobility of the two ions, thus— 


Aw =64:2 +174 = 238°2. 


1M. Loeb and W. Nernst, Zeitschr. phys. Ohem. 2, 948 (1888). Cf F. 
Kohlrausch, Zeitschr. f. Elektrochemie, 18, 333 (1907). 
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Thus the conception that those salts which conduct the galvanic 
current when they are dissolved in water are more or less dissociated 
into their ions, is seen to be supported in every respect, both by the 
phenomena and by the laws of electrolysis ; moreover, the law of 
Avogadro, which has been applied by van’t Hoff to solutions, can be 
also shown to meet the requirements fully in the case of electrolytes. 


Ionic Mobility and Temperature Coefficient.—lIonic mobilities 
increase about 1°5 to 2°7 per cent per degree rise of temperature ; the 
temperature coefficient is smaller the greater the mobility, so that the 
differences between the mobilities of different ions tend to diminish 
with rising temperature. Kohlrausch! has expressed the relation 
between the migration velocity (u) of an ion, and its temperature 
coefficient (a) by means of the equation : 


0°67 
a= 0 0136 ber 1854+u . . : (1) 
It is more simple to make use of a logarithmic formula : 
0:0348 


7 logu + 0°207 
The quadratic equation 


a= 00134 + 0-64(*) z 6-94(-) Wires 1G) 
Uu U 


also gives good results. 

It has not yet been found possible to give any of these formule a 
theoretical interpretation ; « only changes slightly (from 0:0265 to 
0°0154), and this is probably why all three equations—in spite of the 
difference between them—give results which agree well with observa- 
tion. The following table shows this :— 


| | ajg Cale, 

yg aig Obs. a a 

Form I. Form II. Form III. 
Taye 5 : ; c 33°4 0°0265 0°0265 0°0264 0°0264 
Nas). a 2 : 43°5 0°0244 0°0244 070243 0°0245 
Ag ' ‘5 z c 54°3 0°0229 0°0228 | 0°0228 00228 
Cue. f : n 65°5 00216 0°0216 0°0216 0:0216 
ea ‘ : oo 67°0 0°0215— 00214 0°0215 070214 
3BT . d ‘ z 315 0:0154 0°0156 | 0°0152 0°0154 

ta | 


The above behaviour may possibly be explained on the grounds 
that the slowly migrating ions carry a large quantity of water mole- 
cules with them, and that the number of these decreases with rise of 
_ temperature. 


1 Zeitschr. f. Elektrochemie, 8. 288, 626 (1902); 14, 129 (1908). 
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The Characteristics of Electrolytic Dissociation.—Electro- 
lytic dissociation differs from ordinary dissociation chiefly in this, viz. 
that in the former the dissociation products are electrically charged, 
but not in the latter. The introduction of the idea of electrical 
dissociation into science marks a new era in our molecular conceptions, 
since it has revealed to us an entirely new species of molecule, viz. 
the electrically charged ton. According to circumstances, the same 
substance may decompose either into electrolytic or into non-electro- 
lytic molecules. Thus by dissolving ammonium chloride in a good 
deal of water it dissociates electrolytically, and almost completely, in 
the, sense of the equation, 


+ i 

NH,Cl= NH, + Cl, 
while by volatilisation, at sufficiently low pressures, it decomposes: 
quite completely, in the sense of the following equation, into non- 


electric molecules, thus— 
NH,Cl= NEL HCE 


These two processes are distinctly different, and no connection between them, 
however probable, is known at present. 


The products of ordinary dissociation may be mixed together in 
any selected proportion ; but in electrolytic dissociation there are in 
the system the same number of positive and of negative ions, so that 
they neutralise each other electrically. 

In ordinary dissociation no other expenditure of work is requisite 
in order to separate the products than that usually required to effect 
the separation of a mixture (p. 97); but in the case of electrolytic 
dissociation, in addition to this work, there is required the expenditure 
of the much greater work necessary to overcome the electric attraction 
of the oppositely charged ions. Sucha separation of this kind is observed 
to only a very inconsiderable degree by electrostatic influence on 
electrolytes ;+ here the free electricities collect on the surfaces in the 
form of ions; but no one has ever detected a weighable quantity of 
“free ions” in this sense, which are unaccompanied by the opposite 
kind. This could not be very easily produced, because the accumula- 
tion of free ions of the same kind is opposed by the enormous 
electrical forces resisting it. 


The Diffusion of Electrolytes.—The preceding observations 
explain at once why we cannot conduct an experiment like that 
described on p. 349 [effusion] for the separation of the ions. If we 
allow a dissociated gas to diffuse, through a small opening, for instance, 
there will occur a partial separation of the components, since the more 
mobile components will outstrip the sluggish ones; but it is quite 
otherwise in the case of electrolytic dissociation. 

Let us imagine two solutions of hydrochloric acid, having a 
1 Ostwald and Nernst, Zeitschr. phys. Chem. 8. 120 (1889). 
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different concentration, to be brought into contact with each other ; 
and let these be sufficiently diluted, in order that we may disregard 
the undissociated molecules of HCl. Then on every molecule existing 
in the solution, on the positively charged hydrogen and on the 
negatively charged chlorine ions, there will be exerted the same force 
due to the gradient of the osmotic pressure ; this will tend to move 
them from places of a higher to those of a lower concentration. But 
we know from the conductivities, that a hydrogen ion has a greater 
mobility than a chlorine ion (p. 366); then the former will, to a 
corresponding extent, outstrip the latter, and thus there will occur a 
partial separation of the two ions. 

But this can only happen to a limited degree. For as soon as one 
dilute solution contains an excess of H-ions, and the other an excess 
of Cl-ions, then the one will become positively charged, and the other 
negatively. Asa result of these electric charges, there will arise an 
electrostatic force ; this will drive the H-ions from places of a lower 
to those of a higher concentration, and the Clions from those of a 
higher to those of a lower concentration. Thus the diffusion of the 
H-ions will be retarded, and that of the Cl-ions will be accelerated ; 
and the equalised condition will obviously be that where both ions 
diffuse with the same velocity. A separation of the ions will occur 
only during the first instant, and, on account of the great electrostatic 
capacity of the ions, only to an inappreciable degree. 

Thus the decomposition products of electrolytic dissociation cannot be 
separated from each other, like the products of ordinary dissociation, by 
diffusion, to any marked degree. On the contrary, this can easily be 
done by removing the electrostatic charges which result from diffu- 
sion, 7.¢. the solution can be electrolysed. 

The theory of diffusion of dissolved electrolytes can now be given 
in the following way!: let a diffusion cylinder, having the height x, 
be filled with a highly dissociated solution of a binary electrolyte, 
having the concentration », in the total cross-section q, and let the 
osmotic pressure of each particular ion be p; then at the position 
x +dx these values will become respectively »-dy and p-dp; the 
volume of the section thus increased is qdx, and it contains a 
quantity of electrolyte (of hydrochloric acid, eg.) equal to yqdx 
mols, This is acted upon by the force qdp; or, per mol, 

1 dp 

n dx 

Now the resistance friction, which must be overcome by the two ions 
in their movement, amounts respectively (according to p. 363) for the 
cation to 


1 


; U 
1 Nernst, Zeitschr. phys. Chem. 2, 618 (1888), 
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and for the anion to 7 \y 
bce 


ee 
The quantity of each ion which will migrate in unit of time dz, 
through a cross-section of the diffusion cylinder, if acted upon only by 
the forces due to the osmotic pressure, can be obtained by the product 
of the cross-section x the concentration x the force per mol x the 
mobility x the time ; it amounts respectively to 


dp dp 
— Uq-—d d — Vq—dz. 
Uae. Z, an 49,02 
But, as a matter of fact, the electrostatic forces described above 
come into play’; these equalise the velocity of the two kinds of ions ; 
let their electrostatic potential amount to P. Then the electrostatic 
attraction or repulsion, exerted per g.-ion, will amount respectively to 


“dx? dx? 
and the quantities of each ion which will migrate through the cross- 


section, from the influence of this force alone, calculated by means of 
the same products as above, are respectively 


— Vanya, and + Vangede, 


Now, as a matter of fact, the two forces act together; and the 
quantity of salt which will migrate through the cross-section, in the 
time dz, is 


es ap. cdi yey & : 
oe Uaae(SP % ngs) a ee dx 7dx/? 


ares: ig 
or, after the elimination of et 


Now, according to the law of the osmotic pressure (p. 144), 
p=7RL. 
By introducing this, we obtain 
2UV d 
ae 
A comparison of this formula with that on p. 151 (where the 
concentration was denoted by C) shows that 
2UV 
U+V 
and this denotes the diffusion coefficient of the electrolyte. 


dS = dz. 


D= 


RT . . J ees 


| 
| 
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- oe wes 
” 7 feewes 


We know al Bay (p. 365) that i and V are proportional. to the 
ion mobilities u and v; thus 


Feb and VSBV i 5°. 7. ~ (2) 


The value of the proportional factor, F, depends upon the choice of 
the unit of measurement ; its absolute value can be calculated from 
the equation derived by Kohlrausch on p. 365, where a=1, in the 
cease of fully dissociated electrolytes, viz., 


x = nF(U + V). 


If we express all these magnitudes on the same system of measure- 
ment, then F, ee course, will =1. We may suitably choose the C.G.S. 
system.! 

in order to bain the conductivity x, on this scale, we must multiply 
it by 10°-because an Ohm=10° C.G.S. Further, the unit of ion 
concentration, of course, is that which holds the quantity of electricity 
+1 bound to the ions contained in 1 cc. If the unit quantity of 
electricity is held by v-equivalents of a positive ion, then a c.c. contains 
5 units-of + electricity ; and of course the same quantity of — electricity. 
We thus find that 


x10-9=(U+V) 7; 
Vv 


or, after introducing the molecular conductivity (p. 365), 
Utv=Ar. 10-*. ; : ; (3) 


Now 96,540 Coulomb (Ampére seconds) (= 9654 C.G.S. units) 
deposit 1 mol of a univalent ion (Book IV. Chap. VI.) ; hence we 


have for univalent ions 


—. 1 . 
¥= 9654’ 


further 


A 
= —___. -9—]° -13 
U+V 9652 1° LOS GALLO e242: 


_ or, according to p. 365, 


Pe osen. 10.) V=1036v. 10-*. ; (4) 


These were the expressions calculated by Kohlrausch? in 1879 
for the absolute velocities with which the ions migrate when they are 


acted upon by unit force, ¢.¢. for example when there is a unit fall of 
potential per centimetre in an electrolyte through which a current is 


1 See the Text-books of) Physics, e.g. Kohlrausch, Prakt. Physik, Leipzig, 1892, 


Appendix. [In eae see, e.g. Daniel’s Physics, 2nd edit., p. 18.—TR.] 


2 Wied, Ann. 6, 160 (1879). 
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passing. If the fall of potential is 10°= 1 volt (the conventional unit 
of electromotive force), the velocities are 


U'=1036us 107 V = 1°036y pale 


If we think of an electrolytic cell (p. 357) as connected with the 
poles of a Daniel’s element which has an electromotive force of 1:11 
volt ; and if we separate the electrodes 1:11 cm., then we have a 
potential gradient of 1 volt per cm., provided we disregard the internal: 
resistance of the element and the polarisation of the electrodes ; if the 
electrolytic cell is filled with dilute hydrochloric acid, then from the 
values of u and v, given on p, 366, we get 


U’ = 0:000329, and V’=0-00068 oe 


It thus becomes apparent that the velocities controlled by the 
current are very small in comparison with the velocities of the mole-, 
cules moving back and forth ; now these latter were introduced (p. 244) 
to explain the osmotic pressure, and they constitute the measure of 
the temperature in the sense of the kinetic theory. The increase in 
the kinetic energy of the ions occasioned by the current is extremely 
slight ; and the work which the current does is practically completely 
used up in overcoming the friction, 7.¢. in developing Joule’s heat. 


The migration in the case of coloured ions, such as the anion of potassium 
permanganate, can be made visible by a method suggested in 1887 by 
O. Lodge. Using a U-shaped apparatus! the migration may not only be 
made visible, but the absolute velocities may be measured with fair accuracy 
in a lecture. 


Now if we introduce into equation (1), developed for the diffusion 
coefficients, the values of U and V, from equations (3) and (4), we 
obtain 

2uv 


D= _ vRT.. 10-? ee 
WL Vs 


Now, it remains to express the gas constant R, in the same system 
of measurement, %.¢. in its evaluation, to select that unit of volume in 
¢e.c., and that unit quantity of ions which shall hold the unit quantity 
of electricity 1. Now the pressure in a space containing this quantity. 
of ions per c.c., according to p. 40, at T = 273, is . 


22,412 v atm. = 22,412 x 981,000 x 1:033 v abs. units, 


and, therefore, in the C.G.S. system (for univalent ions v= ee 
re i 
A —— 6 
RT = 2°3515,, «10°: 7 aon 
Now, by introducing this into equation (5), we obtain the diffusion 


1 See Zeitschr. f. Elektr. 8, 308 (1897). 
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_ coefficients on the absolute scale, i.e. the quantity of salt which will 


migrate per sec. through a cross-section of 1 sq. cm., where the 
gradient of concentration per centimetre is 1. It is a matter of in- 
difference what scale we take to express the quantity of salt, provided 
only that we measure the concentration (i.e. the quantity of salt 
x em.~°) on the same scale. It must be noticed, however, that the 
numerical values usually given are based on the day as unit of time, — 
and thus the factor 8°64 x 104, the number of seconds in a day, must 
be introduced in order to express the diffusion coefficient D in the 
conventional system of measurement ; then 


2 
= Sar 2°351. a x 108%x. 10-9. 8:64 x 10! (7) 
or, simplified and calculated for T = 273 + 18, 
uv 
SS SS ¥ = i 8 
D = 004485" [1 + 0°0034(t - 18)] (8) 


The temperature coefficient, as calculated theoretically for 18°, 
from that of the mobility of the ions, and from that of the osmotic 
pressure, is in complete accord with observation, viz. 0°024 for bases 
and acids, and 0:026 for neutral salts. The following table contains 
the observations of Scheffer! calculated for 18°, and the theoretical 
values calculated from the ion mobilities u and v, according to equa- 
tion (8) :— 


Substance. D obs D theor. Substance. D obs D theor. 
HCi 2°30 2°45 NaNO, 1°03 OED 
HNO, 2°22 2°29 NaCO.H cj 0°95 1°00 
KOH 1°85 2°13 NaCH,.CO, . 0°78 0°86 
NaOH 1°40 1°58 NH,Cl 1°33 1°46 
NaCl 111 1:19 KNO, ‘ 1°30 1°41 


W. Oeholm has made a thorough experimental study of the 
accuracy of the diffusion theory ; the numbers he obtained? for very 


dilute solutions (about 0°01 normal) at 18° are given in the following 


table :— 
Substance. D obs. D theor. Substance. D obs. D theor. 
HCl ° 2°32 2°45 | KCl 1:46 1°46 
KOH OO se Salo KI ; 1°46 1°47 
NaOH 1°43 1°58 LiCl: . 1:00 0-994 
NaCl a ah 1°19 CH,CO,H (0°930) 1:37 


1 Zeitschr. phys. Chem. 2. 390 (1888). 


2 Ibid. BO. 309 (1904). 
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Since acetic acid at this concentration is only dissociated to a small 
extent, the observed value 0°93 is considerably less than that calculated 
for complete dissociation 1°37. Otherwise the agreement found, 
especially in the recent measurements of Oeholm, is surprising, when 
one thinks that the calculated value involves diffusion coefficients and 
laws of gases and electrical measurements, and that parts of physics 

‘are thus brought in relation between which a connection was hardly 
imagined previously. The fact that not only in acetic acid but in the 
other substances the calculated values are usually a little larger than 
the observations may be attributed to incomplete dissociation, since 
the undissociated molecules diffuse more slowly than free ions. 


The theory of diffusion in mixtures of salts can also be completely 
developed; observation again supports the results of the theory, as was 
shown by me in 1888, and subsequently in a series of researches by 
Arrhenius.! 


If we measure the molecular conductivity, the mobility of ions, 
the diffusion coefficient, and the gas constant, by one system of 
measurement, consistently applied, it will be found that 

A=U+V, 
and according to equation (5) 


5=( 4 oy 
D \UO*V/ RT 


That is, that while the molecular conductivity is simply equal to the 
sum of the ton. mobilities, the reciprocal of the diffusion coefficient is pro- 
portional to the sum of the reciprocals of the mobilities, these being also 
imeluded under the additive properties. . 


The Friction of the Ions.—The friction of the ions can be cal- 
culated on the absolute scale from the mobilities found on p. 371. 
Now, since the velocities assumed by the ions, when unit force acts on 
v-equivalents, according to equation (4), are respectively, 


U=1-036u x 10-%, and V=1-036v xd0ny 
then, per v-equivalents, there will be respectively the forces 


qc. A eee 
T036ux10-% ° 7-036y x 10-8 * 


or, per g.-ion respectively, the forces 


ae 1 0950, 0:950 
~ 1-:036u x 10-%.981000) ou ” 


required to cause the ions to move with velocity 1 cm,/sec. 
(Kohlrausch). 


1 Zeitschr. phys. Chem. 10. 51 (1892); see also the interesting studies of U. 
Behn, Wied. Ann. 61, 54 (1897); and Abegg and Bose, Zettschr. phys. Chem. 80. 
545 (1899). : 


units ; 


x 1041 ke (9) 
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We may apply the same formula to a non-electrolyte or to a salt, 
by making u=v, and then calculating its mobility according to equa- 


' tion (8) ; then we obtain 


D 
0°02242/1 + 0-:0034(t — 18)] 
and by considering equation (9), we obtain 


K="*"(1 +0-0034(t-18)]+10%kg =. (10) 


1) — 


a formula which was already referred to. 

Now we will use equations (9) and (10) in order to calculate the 
resistance friction for an ion and for an electrically neutral molecule 
of any related molecular structure. Thus the conductivity v of the 


ion of caproic acid, H,C—CH,—cH,—cH,—cH,—0C aie 
amounts to 18 ; and, therefore, according to equation (9), the force in 
kilograms required to give it a velocity of 1 ae is 
Keb 3 1073 
Moreover, from the diffusion constant 0°38 of mannite, C,H,,0,, 
measured at the same temperature, according to equation (10), we 


calculate this force to be 
K=5'5 x 10% 


The fact that these resistance frictions are so nearly coincident, in 
spite of the very different ways in which they are derived, is a new 
proof that the views developed in the pepecding pages are based on a 


- sure foundation. 


Further comparisons are given in the following table ! 


Es are Ene 2g 
Anion or Kation of | 32 id K 1079 Sa ee 5's D. |K10-% 3 
2 ; : 23 
a z 5 
a 
Acetic acid . 59 | 45 21 Acetic acid . |~60 | -90 2:4} 18 
| Tartaric acid . | 149 | 30 »3°2 
| Racemic acid . | 149 }|-30 3) Tartaric acid | 150 | ‘50 AUIS b SI} 
Isobutyl-Sul- Racemic acid | 150 | ‘52 eNO alts) 
phuric acid . | 1538 | 29 3°3 
Ammonium Jon 18 | 64 15 Ammonia .| 17 | 1°64 S29) 


Other Solvents.—The faculty of breaking up dissolved substances 


into ions and so yielding good conducting electrolytes, which is most 


marked in the case of water, is found also in other solvents, but mostly 
1 Huler, Wied. Ann., Jubelband, p. 273 (1897). 
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only to a small extent and. hardly ever to an extent comparable with 
water. 

It should be noticed that conductivity depends not only on the 
number of ions, that is, on the degree of dissociation, but also upon 
their mobility. According to the preceding pages, the velocity of 
diffusion is a measure of this. This is important because in weakly 
dissociating solvents we can neither determine Ao directly nor obtain a 
from freezing-point determinations on account of its smallness ; hence 
to find a and Ac =u-+v separately in the equation 


k=an (u “ke v) 
one is thrown back upon measurements of diffusion. Walden! found 
the relation 
Ao 7 = constant 


for the numerous solvents he investigated. , As » changed in the 
ratio of 1: 30 it is evident that this rule is extremely important. 

We may form the following conclusions on the power of solvents 
to break up dissolved substances into ions. Clearly the electrostatic 
attraction of oppositely charged ions plays an important réle in 
electrolytic dissociation ; that force naturally tends to recombine the 
ions into electrically neutral molecules.2 We must therefore assume 
that other actions whose nature is unknown to us, perhaps the kinetic 
energy of the components of the molecule, cause separation, and that 
dissociative equilibrium has its origin in the concurrence of these two 
opposed tendencies. If the electrostatic force is weakened the 
electrolytic dissociation should increase ; now electrostatics shows that 
two oppositely charged bodies attract each other more weakly the 
higher the dielectric constant of the medium in which they are 
placed. It follows, therefore, ceteris paribus, that electrolytic dissocia- 
tion will be greater the higher the dielectric constant of the medium. 
This view is supported by the following table :— 


Medium. pease Electrolytic Dissociation. 

Gaseous space . 10 Indistinguishable at normal temperatures, 

Benzene . ; 2°3 Extremely small but measurable conductivity 
indicates a trace of dissociation. - 

Ether 41 Noticeable conductivity of the dissolved electro- 
lyte. 

Alcohol . é 25 Moderately strong dissociation. 

Formic acid. 62 Strong dissociation of dissolved salts. 

Water . : 80 Very strong dissociation. 

‘Prussic acid. 96 Very strong dissociation. 


1 Zeitschr. phys. Chem. 55. 246 (1906). : 

2 Nernst, Gott. Nachr. Nov. 12, 18938; Zeitschr. phys. Chem. 18. 581 (1894). 
In the same year, but later, J. J. Thomson put forward similar considerations (Phil. 
Mag. 36. 320, 1898). 
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The parallelism between electrostatic dissociation of dissolved 
substances and the dielectric constant of the solvent is put beyond 
doubt by this and a number of other examples ; but absolute propor- 
tionality is not to be expected, for other influences have to be taken 
into account, especially as we are unable to say how far the forces 
tending to separation of the ions vary with the nature of the medium. 


The behaviour of formic acid as a solvent, studied by Zanninovitch- 
Tessarin,! is especially noticeable. Salts, such as NaCl, KBr, ete, are 
hardly less dissociated in this solvent than in water, as measurements of 
conductivity and freezing-point both show ; hydrochloric acid, on the other 
hand, hardly conducts at all, and consists for the most part of double mole- 
cules; tri-chlor-acetic acid also, which is extensively dissociated in water, 
has almost its normal molecular weight in formic acid. This shows, as was 
to be expected, that besides the undoubted influence of the dielectric constant 


other specific influences make themselves felt. Apparently association of 


the ions with molecules of the solvent is important in this respect. The 
molecular conductivity in certain solvents often decreases with increasing 
dilution, instead of increasing. This phenomenon is observed in extremely * 
dilute solutions of acids and bases in water itself, but is usually attributed 
to secondary phenomena caused by impurities. But in certain non-aqueous 
solvents it is so pronounced that this explanation cannot be accepted. It is 
possible that in such cases dissociation takes place in steps, so that electrolytic 
dissociation is only noticeable at certain concentrations, and diminishes when 
the dilution becomes very great. Thus, to take an arbitrary example, we 
may suppose that an acid can exist in a tri-molecular form, and-be ionised as 
such, while the simple monomolecular acid is an extremely weak electrolyte : 


- + 
I (RH),=R,H, +H 
II (RH), =3RH. 


According to this conception, ions would only be present in appreciable 


quantities at moderate dilutions (Equation I), for when the dilution becomes 
very great, electrically neutral molecules would again be formed (Equation IJ). 

A good summary of the work done in this direction has been made by 
Carrara, “ Elektrochemie der nicht wasserigen Lésungen.” (German transla- 
tion by K. Arndt, Stuttgart, 1908.) 

It is worth mentioning that solvents with considerable dissociating 
power are also those which have a tendency to polymerisation in the 
liquid state.? This favours the assumption that electrolytic dissociation is 
helped by association of the free ions with the molecules of the solvent, an 
assumption which is all the more plausible, as the ions have a strong tendency 
to form molecular compounds, as will appear in the following section. 

The fact noted by F. Kohlrausch? that we know of no good electrolytically 
conducting liquids at usual temperatures, that consequently electrolytic 
conduction is first seen in mixtures, supports this view. 


1 Zeitschr. phys. Chem. 19. 251 (1896). 
2 Nernst, ibid, 14. 624 (1894); Dutoit and Aston, Compt. rend. 125, 240 (1897). 
® Pogg. Ann. 159, 270 (1875). 
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Werner’s Theory of Molecular Compounds.—Whilst in 
dealing with the carbon compounds the unitary conception is the most 
helpful, in dealing with the majority of the inorganic compounds, 
especially the salts, acids, and bases, Berzelius’s dualistic hypothesis is 
more suitable, the hypothesis which, as we have seen in this chapter, 
can be referred to decomposition into negative and positive ions. 
Werner has shown that the investigation of ionic dissociation gives 
valuable insight into the constitution of so-called molecular compounds, 
especially the metal ammonia derivatives. 

The following observations serve as starting-point. Amongst the 
metallic ammonia compounds of the trivalent metals, cobalt, chromium, 
and rhodium, four series are known with 3, 4, 5, and 6 molecules of 
ammonia. Thus, considering the chlorides, we have as the member 
richest in ammonia the luteo salts Me(NH,),Cl, where Me is one of 
the metals mentioned. In these salts, as in other metallic chlorides, 
the chlorine atoms can be separated as ions; this is shown by the 
conductivity and by chemical behaviour, for instance, immediate 
reaction with silver nitrate, decomposition by sulphurie acid with 
formation of hydrochloric acid, etc. When these eompounds lose a 
molecule of ammonia and turn into the purpureo salts Me(NH,),Cl,, 
the remarkable phenomenon appears that one of the chlorine atoms cam no 
longer be separated as ion. 'This can be rendered symbolically by the 


formula 
cer H,) 8) 
Cl : 


which is to express that the complex within the bracket does not 
dissociate on solution. Coming to the next members of the series we’ 
find that as each molecule of ammonia disappears the chlorine atom 
becomes incapable of acting as iron. Thus we have the series 


(MeCN). (MeCN Has) Ch (Meet). ¢1 Me (NE) 
Cl Cl, Cl 
Luteo salts, Purpureo salts. Praseo salts. Hexamine salts. 


( 


The last member of the series is not dissociated. 
The series of the cations of these salts is 


Thus we here find the neutral ammonia molecule replaced by 
univalent anions, so that, naturally, the negative charge of the anions 
is neutralised by the positive charge of the complex. Hence for each 
atom of chlorine that enters it the complex loses one charge and finally 
becomes electrically neutral. If an anion be introduced in the place 
of an ammonia molecule in the neutral hexamine salt, we obtain 
the anion 
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iy NHL) 
| Me(NHs)2 
I (NO5)4 


which is capable of forming salt with potassium. 

These relations are excellently shown by the platin-ammonia com- 
pounds investigated by Werner ;! the following series of radicals has 
been found :— 


Figo See =Pypene ap 1 Se + 
Pt(NH,), Pt(NH,),Cl, ~Pt(NH,),Cl, Pt(NH,),Cl,, Pt(NH,),Cl, 
Pt(NH,)Cl,, PtCl,. 


The original platin-ammonia ion with a quadruple charge loses its 
charge by substitution of chlorions, becomes electrically neutral, and 
finally even negative. The following curve gives the observed 
molecular conductivity of the chlorides and potassium salts of the 
above radicals : 


522-9 
be s 


2 


2 


VE 


JS 


Unknown. Platini- Platini- Platini- Cossa Potassiv 
tetramine- monodiamine- diamine- salt. platini 
chloride. chloride. chloride. ehlorid 

Fig. 32. 


Similarly a series can be obtained by the substitution: of chlorions 
in compounds of divalent platinum : 


(PANH,),)Ch (Pig )cl (Bi?) (PeGr)K (Pic, )K, 
2 3 
The position of ammonia in the examples here given can be 


taken by other atomic groups such as water. Thus we know the 


: 1 Zeitschr. anorg.| Chemie, 3. 267 (1898); 8. 153 (1895) ; Werner and Miolati. 
 Zeitschr. phys. Chem. 12, 35 (1898). 
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roseo compounds (mel 8 )Cls and the tetramine-roseo compounds 
2 


(Meta Gy) In these the radical remains trivalent because the 
2V)o 


substituent is neutral. By introducing this water molecule we obtain 
hexahydrates, and this is actually the form in which the heavy metals 
most commonly appear. When a hydrate contains more than 6 
molecules of water, for example the vitriols, this is attributed by 
Werner to a combination of water with the anion. 

Werner and Gubser! have given an interesting case of “hydrate 
isomerism” in the chromium chlorides. It has long been known that, 
like other chromium salts, these exist in two modifications, a green and 
a violet. The solid salts both have the composition CrCl,.6H,O. 
In solution the green form changes into the violet, whilst the 
conductivity rises about threefold. In the violet solution the three 
chlorine atoms are present as ions, it has therefore the constitution 
_ (Cr(H,O),)Cl, ; in the green solution only one chlorine atom is present 


4) Cl+2H,0. That we 
2 
have here actually two molecules of water combined in a different way 


to the others, is shown by the fact that the green salt can be trans- 
formed into the tetra-hydrate without losing any of its characteristic 
properties. It may be seen from these examples that the negative 
atom can be combined in two different ways: one so that it is easily 
separated as an ion, the other so that it combines with the metallic 
atom to form a radical; the latter is the case when it takes the place 
of ammonia or water. Werner believes that in the latter case the 
radical is directly attached to the metallic atom and exists in the inner 
sphere of the latter. Ions which contain other kinds of molecules 
added in this way are called complex ions. The number of radicals 
directly combined is a characteristic constant of each metal known as 
the co-ordination number ; it is to be distinguished from the valency. 


as ion, the constitution is therefore (cr! 


Werner’s views are valuable for the systematisation of molecular com- 
pounds, but we are still far from a satisfactory theory. A very remarkable 
research of Abegg and Bodlander ? shows how the affinity of the elements for 
the electron regulates the formation of complex compounds; the less firmly 
the ion holds its electric charge the more readily it forms “molecular com- 
pounds” in general. This hypothesis cannot, however, be followed out with 
exactness, since we do not know how to give precise determination to the 
electro-affinity. 


Ions with Positive and Negative Charge.—A peculiar kind of 


1 Ber. deutsch. chem. Ges. 84. 1579 (1901); for further cases of isomerism, see 
Werner, Neue Anschawungen auf dem Gebiete der anorganischen Chemie, Braunschweig, 
1909 (2nd edition). 

2 Zeitschr. anorg. Chem. 20. 453 (1899). 
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ion must be formed, as Kiister! showed first, when an electrically 
neutral molecule gives off simultaneously a positive and a negative ion 
(either uni- or multi-valent) ; in that case an electrically neutral mole- 
cule remains, but one which must be regarded as an ion, since it 
carries free electric charges; Kiister gave such the name zwitter-ion. 
An example is to be found in methyl orange and other substances 
which possess the formula 

N(CH,), — R —SO,H. 
There are in solution both a base (substituted ammonia) and an acid 
(sulphonic acid), therefore must form the ion 


+ ~ 
NH(CH,), — R - SO,. 


Evidently this conception of a zwitter-ion is partly identical with 
that of an “internal salt”; the new theory therefore admits the 
possibility of two isomers, according as the charges remain free or 
neutralise each other. Nothing is known experimentally as to the 


_ existence of these two isomers ; they would correspond to the difference, 


for example, between dissociated and non-dissociated acetic acid. 


It would evidently be of mucb importance to find a means of testing for 
zwitter-ton ; since the entire ion suffers no force in an electric field, such ions 
do not, like the ordinary kind, contribute to the conductivity. But the 
electric field must exert a moment of rotation on their free charges, and hence 
must have a directive action on them, but on this subject nothing is known 
at present, It is possible that zwitter-cons are much commoner than has 
hitherto been assumed, for example, the carbon in carbonic oxide would be 
tetravalent if the latter substance had the constitution 


+ 
C=0: 


but this view can neither be confirmed nor disputed atthe present time. See 


‘Bredig. Zeitschr. phys, Chem. 13. p. 323, Anm. I. (1894). 


Incandescent Gases.—Arrhenius,? on the basis of his own investi- 


- gations, has recently developed the view that the conductivity of incan- 


descent gases, which had been repeatedly studied, is an electrolytic 


' phenomenon, and, therefore, that it argues the existence of ions. The 


flame of a Bunsen burner was fed by means of an atomiser (Zerstiuber) 
with a mixture of air and little drops of different salt solutions, and 
thus was brought- to a degree of saturation which was fairly constant 
and capable of approximate determination. Of course, this was pro- 
portional to the concentration of the solutions used, and was deter- 
mined on an absolute scale by photometric measurement. Inasmuch 
as it was possible to measure the intensity of a galvanic current which 
was sent through, by means of two platinum electrodes adjusted in the 


1 Ibid. 18. 136 ; see also Winkelblech, Zeitschr. phys. Chem. 36. 546 (1901), 
2 Wied. Ann. 42, 18 (1891). 
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flame, it was thus possible to measure the conductivity of the incan- 
descent salt vapours. The flames which were free from salt vapours 
did not conduct in a marked degree. 

In the case of the alkali salts the conductivity was nearly propor- 
tional to the square root of the quantity present. It was independent 
of the nature of the negative ingredient of the salt. Thus, for example, 
all potassium salts having the same degree of concentration conducted 
equally well. The conductivity of the salts of the alkali metals 
increased with the atomic weights. Mixtures of the vapours of potas- 
sium and sodium salts showed a conductivity similar to that which 
can be calculated for the mixture of two electrolytes in water solution. 

Acids and ammonium salts did not conduct in a marked way. 

The salts of the heavy metals showed only traces of conductivity. 

The behaviour of the alkaline earths was much more complicated. 

According to Arrhenius, the reaction which leads to the formation 
of free ions, and which consists of the action of the water vapour of 
the flame on the alkali salt, is probably as shown by the equation :— 


KCl + H,O= HCl + KOH. 


The potassium hydroxide formed then breaks up slightly into ions, as 
follows :— 


= 
KOH = K + OH. 


Since direct observation shows that the resulting acid does not 
conduct in the flame, there follows immediately from this view a re- 
sult obtained experimentally, but which is, at first sight, very sur- 
prising, viz. that salts having the same positive ion, when im the same degree 
of concentration, conduct equally well. Moreover, a number of other 
phenomena are explained by the view given above, as, particularly, the 
fact that the conductivity increases in proportion to the square root of 
the concentration. All weak electrolytes, as we shall see in the third 
book, show a similar behaviour. 


It should, however, be added to the above, that recent work has shown 
that conductivities in flame may possibly be due to quite different 
phenomena; thus Stark eg. (Physik. Zeitschr. 5. 83, 1904), assumes the 
negative ions in flames to consist of free electrons. 


Historical Observations.—The idea of electrolytic dissociation, 
which has exerted such a fruitful and regenerating effect upon various 
departments of physics and chemistry, like other discoveries of this 
sort, had its historical anticipation. As early as the year 1857, 
Clausius,! from the laws of electrolytic conductivity, developed the 
view, that in conductors of that sort there must be traces of free ions 
leading, at least, an ephemeral existence. 


1 Pogg. Ann. 101, 338 (1857). 
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H. v. Helmholtz,! in 1880, from a similar starting-point, arrived at 
similar conclusions. 

“Since the complete equilibrium of electricity is produced in the interior 
of electrolytic liquids, as well as in metallic conductors, by the weakest dis- 


tribution of the electric forces of attraction, therefore it must.be assumed that 


no other (chemical) force is opposed to the free movement of the positively and 
negatively charged ions, save the forces of their electrical attraction and 
repulsion.” 

In this law Helmholtz has clearly formulated the fundamental idea 
of the theory of electrolytic dissociation. From an experimental point 
of view the cryoscopic investigations of Raoult? are of importance. 
This investigator showed in 1884 that the abnormally great lowering 
of freezing point caused by salts in aqueous solutions was distinctly 
connected with the number of their ions. He even gave approximate 
rules by which the lowering of freezing point could be calculated from 
the number and valency of the ions of the salt. The further develop- 


ment of these conceptions is due to Arrhenius (1887), who derived 
_ exact formule and taught us on the one hand how to determine the 


nature and the number of the ions, while on the other hand, by a 


series of applications, he clearly showed the fruitfulness of the theory. 


1 Wied. Ann. 11. 737 (1880). 
2 Compt. rend. from August 18, 1884. 


CHAPTER VIII 
THE PHYSICAL PROPERTIES OF SALT SOLUTIONS 


The Necessity of the Additive Relation.—A solution which is 
sufficiently dilute contains the electrolytes in a state of complete dis- 
sociation. The dissolved substance has now become a mixture of 
different molecules, i.e. of its ions. Now it is a common experience 
that, in a dilute solution, or in a gas mixture (p. 97), the properties _ 
of each particular component remain unchanged, and, moreover, if the 
components are known, the properties of the mixture can be predicted. 
From this there follows the fundamental law that— 

The properties of a salt solution are composed, additively, of the pro- 
perties of the free ions. 

Inasmuch as this simple law has been at times subject to much 
misconception, particular warning should be given against certain 
illegitimate applications. 

The law presupposes complete dissociation of the electrolytes. 
Nothing can be said a priori regarding the behaviour in cases where 
the dissociation is incomplete. 

The law may hold good in cases where the dissociation is not 
complete ; and this would obviously be the case where the properties 
in question are not changed by the union of the ions to form 
electrically neutral molecules. To what extent this may happen in 
any given case depends expressly upon this, viz. whether the property 
in question is decidedly additive or not. 

It is unreasonable to reject this law because it occasionally holds 
(e.g. with regard to absorption of light) even in cases in which it is not 
obviously necessary that it should. 


The Density of Salt Solutions.—If we add to water a salt 
which is completely dissociated electrolytically when in solution, then 
the change in volume so occasioned will be brought additively by 
intermixture of the particular ions, and therefore this will be an 
additive property of the ions. A similar thing may occur in the case 
of salts which are only slightly dissociated, as, for instance, when the 
electrolytic dissociation is associated with no change of volume. But 
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here this is not a necessary consequence. It has not been possible as 
yet to state what part of the change of volume is due to each particular ion. 
Let us denote by s the density of a solution containing in m grams 
of water 1 mol of a salt having a mol wt. of M; and by s,, the 
density of pure water at the same temperature ; then the change of 
volume occasioned by the solution of that quantity of salt will be 


s 8p 


The following table contains some values of the change of volume,! 
as calculated from dilute solutions :— 


ie Diff. 1a Diff. Diff. I.-I1. 
KCl =26°7 NaCl =17°7 9°0 
8°4 9-0 
‘ KBr=35'1 NaBr=26°7 8°4 
a 5 10°3 9°4 
j KI =45°4 Wal =36'1 9°3 


These values are uncertain within the limit of one unit. But 
within this limit of error, the preceding law holds good, as shown 
by the constancy of the differences between Cl and Br, Br and I, and 


. 
The change in volume, Av, is, as a rule, no longer additive, when 


Na and K. 
__ weakly dissociated acids are concerned ; thus 
: KAc = 50°6 NaAc=40° © HAc=51'1 
KC! = 26'7 NaCl] =17°7 HCl] =17°4 
Dit = 23°9 = 22°3 OF I 


The differences refer to differences in the increase of volume occa- 
_ sioned by Ac (the acetic acid radical) and Cl. They are equal when 
_ salts are compared which exhibit the same degree of dissociation ; but 
_ they have an entirely different value when the highly dissociated 

hydrochloric acid is compared with the slightly dissociated acetic acid. 
Acetic acid also is highly dissociated at great dilution; then its Av 
would diminish to about 40°5. 

If the change of volume, as defined above, is an additive Teneo 
the same thing “of course will not be strictly true regarding changes 
in the specific gravity, for algebraic reasons. But it is approxi- 
- mately true, because the changes of density amount to only a small 
' part of the total density. In fact, it is found that the densities of 
normal solutions of Na and K compounds, ¢g. show a constant differ- 
ence when combined with the same negative component. And 


1 J. Traube, Zeitschr. anorg. Chem. 3. 1 (1892). 
2¢C 
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furthermore, as the changes in density are nearly proportional to the 
amount of the content, then the ene must also be proportional 
to the content. 

These regularities can be used to calculate, from a few data which 
are empirically determined, the density of any selected solution of a 
salt having the ions A and B,} 

Let us denote by D, the density of a p-fold normal solution of 
ammonium chloride, which is chosen as the starting-point, and let a © 
and b represent the differences between the densities of a normal ACI 
solution and of a normal NH,B solution respectively ; then the density 
of a p-fold normal AB solution is calculated from the formula 

d=D, + p(a+ b). 

The constants a and b, which are to be empirically determined, are 
called the moduli of the respective ions. In the following table there 
are given the densities of solutions of ammonium chloride, and also the 


moduli of a number of ions.2 All the values refer to a temperature 
of 15°. 


Me Densities of NH4Cl Solutions. 
| il 1:0157 

2 1-0308 

3 1°0451 

4 1:0587 

5 1:0728 


MODULI IN zo¢09 UNITS 


NH,=0; K= 289; Na= 238; Li=78; 4Ba=734: 48r=500; 
4Ca=280; 4Mg=210; 4Mn=356; 4Zn=410; 4$Cd=606; 
iPb = 1087 ; }Cu= 434; Ag= 1061. 

Cl=0; Br=373; 1=733; NO,=163; 480,=206; ©,H.0, 
= -15. \ 


Thus the density of a threefold normal solution of Sr(NO,),, 
which contains 1°5 g.-mol per litre, is calculated to be 


d =1-0451 + 0:0003(500 + 163) = 1:2442; 


while a direct determination gave the result 1:2422. Sometimes the 
differences are considerably greater. 


Electrostriction by Free Ions.—It is very remarkable that the 
above values of Av for dissociated substances are extraordinarily 
small, being considerably smaller than the molecular volume of the 
solid substance ; in some cases (eg. sodium carbonate, magnesium 
sulphate, zinc sulphate) they are even negative. It seems, therefore, 


1 Valson, O.R. 73. 441 ;'7'7. 806. 
2 Bender, Wied. Ann. 2O. 560 (1888), 
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that with increasing separation of ions, Av has in general a marked 
tendency to fall off ; this may be clearly seen from the exact measure- 
ments of Kohlrausch and Hallwach (see p. 305). The effects 
hitherto observed can be most easily explained by supposing the 
solvent water to be strongly contracted by the presence of free ions. It is of 
interest to know that sucha contraction might be expected from the 
electric charges of the ions; every electric liquid must suffer a con- 
traction if, as usually happens, the dielectric constant increases with 
pressure. It is therefore natural to suppose that the observed con- 
traction of water by dissolved electrolytes is due to the electrostatic 
field of the ions ; the theory of this electrostriction by free ions has 
been developed by Drude and Nernst.! 

This electrostriction, which, according to firm physical principles, 
must always be present, causes therefore a contraction of the solvent ; 
the increase in internal pressure thus brought about will not be 
distributed equally over the whole solvent, but on the contrary will 
be very great in the immediate neighbourhood of each ion, where a 
strong potential gradient exists, and will fall off rapidly at a short 
distance away. In many respects, however, the solvent will behave 
as if it were evenly subjected to a higher pressure. In this way we 
arrive at a very simple physical interpretation of the internal pressure 
of solutions (p. 247), 

Of course it must be admitted that the internal pressure may also 
be brought about by other causes ; it is found, for example, that non- 
electrolytes can also exhibit not inconsiderable values of internal 
_ pressure. But on the whole, a review of T'amman’s experimental 
_ data (p. 248) can leave, in my opinion, no doubt that electrolytes 
' are distinguished by relatively high internal pressures, as the above 
_ considerations demand ; it is possible that.the high internal pressure 
_ of some non-electrolytes may be due to the presence of ‘“zwitter ions,” 
_ which must, of course, also produce electrostriction. When Tamman 
_ states in his monograph that the ions have no specific action, he puts 
himself somewhat in opposition to his own data; moreover his con- 
_ siderations on electrostriction appear to me to be physically not quite 

sound. 


~ 
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In aqueous solution the contraction caused by the dissociation of a 
binary electrolyte is on the average 10-12 cm. Carrara and Levi? observed 
that the molecular volumes of electrolytes dissolved in methyl alcohol, 
ethyl alcohol and urethane also decreased with increasing dissociation ; 
Walden 2 recently investigated the density of solutions of the good electrolyte 
_ tetra-ethyl ammonium iodide in many different solvents, and always found 
that inereasing dissociation was accompanied by contraction ; the contraction 
was approximately the same in all cases, being about 13 cc. at complete 


: 1 Zeitschr. phys. Chem. 15. 79 (1894). 
2 Gazz.-chim. ital. 80. II., 197 (1900). 
3 Zeitschr. phys. Chem. BO. 87 (1907). 
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dissociation, 7.2., only slightly different from the value found for aqueous 
solutions. 


The Refractive Power of Salt Solutions.—For the reason 
that the change of volume, on adding a salt to a solvent, must be 
necessarily an additive property of the ions the same would be 
expected of the change in the specific refractive power. In fact, it is 
found to be true that the molecular refractive power of a salt, im water 
solution, is an additive property, provided that the salt is completely, or 
at least nearly, decomposed into the free ions; but this may (not 
necessarily must) cease to hold good when electrolytic dissociation 
is slight. Gladstone! has stated that the specific molecular refractive 
powers of similar K and Na compounds show quite constant differences. 
Le Blanc? has shown most conclusively that the same is true of the 
differences between the specific refractive powers of acids and of their 
Na salts, in so far as the former are highly dissociated ; but not so 
when the dissociation is slight, z.¢. there is a marked difference between the 
atomic refraction of combined hydrogen, and that of hydrogen which 1s 
electrolytically separated. 

No way has yet been found to determine the specific refraction of 
particular ions ; nor any method to determine the amount by which 
each ion changes the specific volume of water (compare p. 385). 

It would be simpler, but less rational, to calculate from the refrac- 
tive index instead of from the specific refractive power. The change 
experienced by the refractive index of pure water, on the addition of 
a salt, is, at least approximately, made up additively of the changes 
occasioned by the particular ions; and, therefore, by the use of 
suitably chosen numerical values or moduli of the ions, it is possible 
to calculate the refractive coefficients of salt solutions in exactly the 
same way that was shown to be possible for the specific gravities 
(p. 386). Thus let us denote by N, the refractive index of a solution 
of KCl containing » equivalents per litre ; then the refractive index n 
of a solution of a salt of this concentration, when the moduli of the ions 
are a and b, may be calculated from the formula 

n=N, +p (a+b). 

Bender,’ using the following refractive coefficients for KCl solutions 

at t° = 18°, as a starting-point, found the following moduli :— 


bo Ha. | D. He. Hy. 


F | 

1 1:3409 | 1:3428 1:3472 13505 
2 13498 1°3518 1:3565 1:3600 
3 1:3583 1:3608 1:3651 13689 


1 Gladstone, Phil. Trans., 1868 ; Kanonikoff, J. pr. Chem. [2], 31. 339 (1885). 
2 Zeitschr. phys. Ohem. 4, 553 (1889). 
3 Wied. Ann. 89. 89 (1890) ; see also Valson, Jahresber. f. Chem., 1873, p. 135. 
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MopULI IN zoG90 UNITS 


Has iyi alia} | Hy. 
| 

K 0 0 0 0 
Na 2 2 2 2 
3Cd 38 40 41 
Cl 0 0 0 | 0 
Br 37 38 a 43 
I 111 114 123 131 


Thus the refractive coefficient for a twofold normal NaBr solution, 
and the line Ha, is calculated to be! 


n= 1'3498 + 0:0002(2 + 37) = 1'3576 ; 


while experiment gave 1°3578, The coincidence usually is not so good 
as this. 


Light Absorption and Colour.—The theory of electrolytic 
dissociation requires that the absorption of an electrolyte, which is completely 
dissociated, should be made wp additively from the absorption of the positive 
and negative ingredient ; and therefore that the colour of a dilute salt 
solution depends upon the colour of the free ions. Some arguments 
in favour of this view are the well-known facts that, when in very 
slight concentration, all chromates are yellow, all copper salts are 
blue, and all salts made up of nothing but colourless ions—as Cl, Br, 
I, NO,, SO, ete., and as K, Na, Ba, Ca, NH,, etc.—in water solution 
are colourless. Moreover, this has been recently subjected to a 


quantitative proof. Ostwald,? in particular, has investigated the 


absorption spectra of a number of salts of permanganic acid, of 
flourescein, of eosin, of rosolic acid, of aniline violet, etc., and fixed 
them photographically, thus obtaining actual proof, undistorted by any 
subjective influence. The paper on the subject included some accom- 
panying illustrations, made up of the photographed spectra, which 
were compared with each other as exactly as possible. These repre- 
sented a number of dilute solutions of salts containing one coloured 
ion, and contributed, in a striking way, to demonstrate the question 
at issue regarding the dissociation theory ; at was found that the spectra 
of dilute solutions of salts containing the same coloured ion are identical. 


1 Tn accordance with this it has recently been found by Chénevau (Ann. phys. chim. 


4 [8], 12. 145, 289, 1907) that the difference between the refractive indices of salts and 
_ their aqueous solution is independent of the dissociation and is an additive property of 
_ the ions. 


2 Abh. d. kgl. séichs. Allad, 18. 281; Zeitschr. phys. Chem. 9, 579 (1892) ; 


also Hwan, Phil, Mag. [5], 33. 317 (1892). 
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3 
The accompanying cut (Fig. 33) gos the absorption spectra of a 
number of salts of permanganic acid, which were studied in equivalent 
solutions, 7.¢. in solutions containing the same number of coloured ions : 
they all show absolutely identical bands in the yellow and green. If 
we remember that the absorption of light is usually (p. 340) changed 
considerably by very slight changes in the structure of the molecule, 


it would appear very strange not to seek its simple explanation in the 
dissociation theory. 

General rules for the behaviour of the spectrum, when the ions 
unite to form molecules which are electrically neutral, have not been 
found as yet; thus the change is quite small when a solution of copper 
sulphate, eg. is diluted, but this change in the colour is clearly 
recognisable when one adds water to a solution of copper chloride ; in 
the latter case, the original green solution gradually assumes the blue 
colour of the copper ions, a clear and simple experiment. 


i 
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oe 
Of course the same iol Shy change its colour by changing the 
value of its electrical equivalent [i.c. its valence]; thus the trivalent 
chromion is violet, the divalent blue. The spectrum also changes 
when a coloured ion Unites with another substance to form a new ion; 
thus the negative ions of the different chrom-acids have colours different 
from those of the free chromions. 


The Natural Power of Rotation.— Those salts which contain one 
optically active ion must, when in equivalent solutions, and when in a state 
of complete dissociation, have the same power of rotation. This law was 
first established from certain measurements of Landolt,! but the results 
of Oudemans* are still more striking; he developed the law in a 
purely empirical way, and formulated it as follows. Alkaloids, in 
their salts, are independent of the acid with which they are combined ; 


and optically active acids are independent of the nature of the metal 


with which they are combined: these show the same rotation, at the 
same degree of concentration; thus the molecular rotation of the 
following salts of quinine acid, as measured in about 4th normal 


- solution, were nearly identical, viz. :— 


K=48'8; Na=48°9; NH,=47:9; Ba=466; Sr=48'7; Mg=47°8. © 

The power of magnetic rotation is also an additive property, as is 
inferred from the investigations of Jahn.* It should also be mentioned 
here, in brief, that, according to the investigations of G. Wiedemann,* 
the atomic magnetism of dissolved salts of magnetic metals is in- 
dependent of the nature of the acid (see p. 319), and the phenomenon 
of fluorescence can be shown by ions as well as by electrically neutral 
molecules.® 


Ionic Mobility.— Ostwald, Walden, and especially Bredig,® investi- 
gated the relation between the chemical nature of a number of anions 
and cations and their mobilities (see Chap. VII.) as deduced from the 
limiting values of the molecular conductivities. The relations so far 
known are chiefly the following :— 

The mobility of elementary ions is a marked periodic function of 
their atomic weight, and rises in each series of similar elements when 
the atomic weight increases until the latter reaches the value 35. 

Compound ions travel equally fast when they are isomeric and of 
equal degree of substitution with respect to the dissociating group ; thus 
we find equal mobility for 

the anions of ortho-toluic acid CH, Cy H,.COOH (29:9) and a-toluic 
acid C,H, . CH, . COOH (29° 8), butyric acid CH,CH,CH,COOH 
(30:7). and isobutyric acid (CH,),CHCOOH (30°9) ; 

1 Ber. 6. 1073 (1873) ; W. Hartmann, did. 21. 221 (1882). 

2 Beibl. 9. 635 (1885). 3 Wied. Ann. 43. 280 (1891). 

* See art. ‘‘Magnetismus”’ in Ladenburg’s Handwirterbuch, 7. (1889). 


5 Compare the interesting study of Buckingham, Zeitschr. phys. Chem. 14, 129 
(189 94). 8 Zeitschr. phys. Chem. 18, 242 (1894). 
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the cations of propyl amine CH,CH,CH,NH,OH (40°1) and 
isopropylamine (CH,),CHNH,OH (40:0) ; 
on the contrary, when the degree of, substitution is not the same the 
mobilities are unequal as with the 
cations of propyl amine C,H,NH,OH (40:1) and trimethyl amine 
(CH,),NHOH (47:0). 

The higher the degree of substitution of isomeric ions the faster 
they travel. 

The substitution of the same group in different ions alters the 
mobility in the same sense; mobility in general falls off with increase 
in the number of atoms, but less so when the number of atoms is 
already large, so that the mobility tends with increasing complexity 
of the ion asymptotically to the minimum value of 20 (the fastest ions 


+ 
are H=318 and OH=174). Numerical relations have not been 
established on account of numerous imperfectly known constitutive 
influences. 


Systematic Résumé of the Properties of Ions,—In the study 
_of any casual physical property of a salt solution, the first attempt 
made is to give it an additive form. This is usually very simple 
in the case of the so-called “ uni-lateral” [or “ one-sided ”] properties 
(p. 105), ze. those where the dissolved substances alone are efficient, 
but not the solvent. Thus the conductivity, the colour of a substance 
when dissolved in a colourless solvent, etc, are “uni-lateral” pro- 
perties ; but not the density, the refractive power, the internal friction, 
and the like, because here the solvent contributes to the values 
measured. In the latter case this problem must first be solved, viz. 
the determination of the very interesting action exerted by the dissolved 
substance. We have, in the preceding sections, several illustrations of 
the way that this is done in special cases. 

When the property in question has been finally brought into an 
additive form, as by combining it with another property, according to 
circumstances (as, ¢.g. by combining the refraction of light with the 
density), then there remains the further question, How far does each 
particular ion contribute to the observed value of the property ? 

In certain instances, only one ion is active, as in the case of salts 
where a coloured or an optically active radical is combined with a 
colourless or optically inactive radical ; then in such a case the preced- 
ing question answers itself. In other cases, the attempt to answer 
the question has not met with good success, as shown, ¢@g. in the 
increase of the volume of water on dissolving a salt; on the other 
hand, the attempted explanation was successful in the conductivity, 
and in the capacity of diffusion, 7.2. in the case of those properties 
regarding the nature of which we have some clear conceptions. 

Not until these preliminary questions are solved, can we undertake 
with safety the investigation of the problem as to how far the properties 
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considered are dependent upon the nature of the ion. But, in general, it 

may be predicted that the property will have a more or less decidedly 

constitutive nature ; hence the same considerations may be applied here 

_ which we brought forward in the paragraph on the properties of 
electrically neutral molecules (p. 345). 

Moreover, in addition to the composition and constitution of the 
ion, it appears that sometimes another factor in the case of ions is of 
considerable importance, viz. the magnitude of the electric charge, i.e. 
the same ion may conduct itself with varying electrical valencies. This 
question regarding the influence of a change in the electric charge on 
the physical properties, although interesting in many respects, has not 
yet been subjected to a systematic examination. 

Finally, regarding the electrolytes which are not completely dissociated, 
the question arises, What part of the observed value of the respective 
properties of the dissolved substances is due to the electrically neutral 
components, and what part is due to those which are dissociated ? 
This question decides itself in the conductivity, since the dissociated 
part alone is active. But in every case where the problem is settled, 
we have a method for determining the degree of electrolytic dissociation. 
'| The most important result of the two preceding chapters can be stated 

| in the theorem : that the ions show all the properties of ordinary molecules 
as well as certain new ones due to the electrical charge. 


CHAPTER IX 
THE ATOMISTIC THEORY OF ELECTRICITY 


General.—In the two foregoing chapters we have been concerned 
with the properties of free ions, that is with positively or negatively 
charged molecules ; in the third book we shall see that the theory of 
free ions is of the greatest importance in understanding numerous 
chemical processes. 

We are thus naturally led to the question of the nature of 
electricity itself, a problem which certainly belongs more to the region 
of pure physics, but is of such extreme importance for the theoretical 
chemist that some mention of it appears to be in place here, the more 
so as a chemical conception of electricity has come forward in 
recent times. 

It is not superfluous to warn the reader against a misunderstanding 
of the recent development of electricity which was associated with the 
names of Maxwell and Hertz: a misunderstanding that is somewhat 
widespread, ‘and which makes the following theory difficult or impos- 
sible to understand. It is generally known that recent physics has 
been occupied with electrical vibrations ; it is clearly under this 
influence that a notion has arisen that the so-called fluid theory of 
electricity regarding the latter as a corporal agent is superseded, and 
now one often finds the entirely needless supposition that electricity is 
a state of vibration. The electromagnetic theory of light has given a 
conclusive proof that the phenomena of light, which have long been 
referred to wave motion, are closely connected with electrical pheno- 
mena, or, in other words, that there is no essential difference between 
optical and electrical vibrations. Hence optics has become a special 
chapter in the theory of electricity, just as has long been the case 
with magnetism. But the question as to the nature of electricity 
remains the same as before. 

This may be made clear by anjexample. Physics has shown that 
the sensations of tone are to be attributed to vibrations of the air, 
hence acoustics becomes a special branch of hydrodynamics, viz. the 
theory of vibrations of gaseous substances. If any one were to say on 
the strength of acoustics that air was a state of vibration, the absurdity 
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“. 

of this expression would be obvious ; yet the same false conclusion 
_ has been drawn recently with regard to electricity. Purely chemical 
investigations have shown us the nature of air, and the development 
_ of acoustics has hardly even contributed a detail towards it. Similarly 
we may look for knowledge of electricity, and perhaps also of the 
_luminiferous ether, to investigations that have a great similarity to 
a the methods used in chemistry. 


_ Ion and Electron. —The consideration of electrolytic phenomena 
has shown that the quantity of free electricity which the ions are 
_eapable of taking up is as invariable a quantity as that of the atoms 
; ot the chemical elements; the simplest explanation of this behaviour 
is that put forward by Helmholtz‘ that electricity itself has an atomistic 
enctare, that therefore we must assume the existence of positive and 
negative elementary particles. 

Just as the law of constant and multiple proportions was unintel- 
ligible without an atomistic conception of matter, so the existence of 
_ ions—that is, of atoms or radicals which are always capable of taking 
up a defined quantity of free electricity, or twice or three times that 
 quantity—would be quite unintelligible if electricity were a continuum. 
i _ But if we attribute an atomic structure to electricity, which we know 
‘is as indestructible as matter, and can be regarded as an elementary 
_ substance like the chemical elements, it is clear that each ion can only 
combine with a whole number of electrical elementary particles. 

_ ‘Thus we haye to assume two new univalent elements whose atoms 
exert no, or very little, Newtonian attraction on the other elements but 
act on each other, similar atoms repelling each other, and dissimilar 
attracting (Coulomb’s law). We shall use the signs © and © as 
symbols for these elements, and call their atoms positive and negative 
+ ms. The chemical compounds of these two univalent elements 
ith the others are to be considered ions; Faraday’s law is then 
hing else than the law of constant and multiple proportions, 
ied to the compound atoms of ordinary elements with the 


The compound H@(=H) arises by substitution of a positive 
etron in a molecule of hydrochloric acid (HCI) in the place of the 
ene; yaad if a negative electron ” a; substituted for the 


ism which is found in the valence theory, and which leads to 


2 neuere Entwicklung von Faradays Ideen iiher Elektrizitat (1881), Vortrage 
en, 4th ed. vol. ii. p. 251 ; Ges. Abh. iii. p. 97. 
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a distinction into positive and negative elements, is to be explained by 
the faculty of some elements (such, for instance, as strongly positive 
hydrogen) to combine with positive electrons, with others (such, for 
example, as strongly negative chlorine) to combine with negative 
electrons. 

The ions behave as saturated chemical compounds in the sense of 
the valence theory, as may be seen from their behaviour towards 
molecular compounds ; as we saw on p. 378 that ions are capable of 
replacing ammonia molecules in the platin-ammonia compounds. 

The relation between positive and negative electrons recalls that 
between optically isomeric twins (p. 297). It is a question of much 
importance whether a compound of the positive and negative electrons 
(®© =neutron, an electrically neutral massless molecule) really 
exist ; we shall assume that neutrons are everywhere present like the 
luminiferous ether, and may regard the space filled by these molecules 
as weightless, non-conducting, but electrically polarisable, that is, as 
possessing the properties which optics assumes for the luminiferous 
ether. 


Free Electrons.—The chemical theory of electricity put forward 
above raises the question whether the elementary atoms of electricity 
can be isolated, or whether they are only found in chemical combina- 
tion with ordinary atoms or radicals. 

The following consideration! makes it probable that free electrons 
can exist at least momentarily. If we consider the chemical equilibrium 
(see Book III. Chap. I.) 

Cl+Br=Cl+Br 


which exists kinetically in aqueous solution, we must suppose that an 
exchange of negative electrons occurs between the bromine and 
chlorine atoms, and hence we are driven to assume that the electrical 
atoms must be capable of independent existence apart from matter at 
least momentarily. The question as to the amount of free electrons 
in that or similar cases has not been answered so far. 

It has been found possible by two quite different means to isolate 
at least negative electrons, that is, to get them free from original 
matter. Closer investigation of the cathode rays discovered by 
Hittorf has led to the knowledge (Wiechert, 1897) that they consist of 
negative electrons projected with great velocity. By studying the 
action which electrostatic and electromagnetic fields of force exert on 
the cathode rays, it has been found possible to measure the velocity of 
these electrical particles with certainty ; according to W. Kaufmann’s 
measurements ? for discharge potentials of 3000 to 14,000 volts, it 
amounts from 0°31 to 0°68. 10!° cm. per second, that is, from ~y to 
about 4 of the velocity of light. 


1 Nernst, Ber. deutsch. chem. Ges. 80. 1568 (1897). 
2 See also Riecke, Lehrbuch der Physik, 2nd edit. vol, ii. p. 348 ff. 
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As we shall see in Chap. XII. of this book, the Becquerel rays 

also consist partly of free negative electrons ; their velocity in these 

_ rays attains a value of 2°8 x 101°, that is, only a trifle less than the 
velocity of light (3 x 101). 

It has not so far been found possible to prove the existence of free 

_ positive electrons in any similar way. Probably the positive electron 

has much greater affinity for ordinary atoms and radicals than the 

negative, so that its isolation is much more difficult.!. There appears 

to me at the present time to be no reason to doubt that positive 
electrons might be isolated. 


For numerous details, especially on the experimental side of this 
remarkable region of investigation, see the exposition by E. Riecke, Lehrbuch 
der Physik, 2nd ed. vol. ii. p. 339. 

The fact that negative electrons can be projected by electrostatic forces 
in the cathode rays, and by chemical forces in the Becquerel rays, and that 
they travel with constant velocity (in a vacuum) shows that, like ordinary 
matter, they possess a certain inertia or mass. This mass can be calculated 

_ from the magnetic or electrostatic deviation of the rays, and has been found 
in the cathode rays to be s;/55 of the mass of a hydrogen atom. But this 
mass is considerably greater at higher velocities Apparently it is not 
mass in the ordinary sense, but an inertia of electromagnetic character, due to 
the action of the moving electrons on the luminiferous ether.” 

It should be mentioned that the theory given by Lorentz of the Zeemann 
phenomenon (see Riecke, /.c. p. 447) is based on the vibrations of free negative 
electrons round positively charged metallic atoms, and that, in this case 
also, the mass of the negative electrons is about the same as in the cathode 


‘rays. 


Action of Electrons on Gases.—The rays of electrons are 
_ characterised by their penetrative power, by their electrostatic and 
_ electromagnetic deviation, by their action on photographic plates, and 
by the phosphorescence they produce. All these actions therefore are 
_ due to the enormous velocity of the electrons ; it is therefore of great 
7 _ importance that we possess indications of slowly moving or motionless 
_ electrons in the action of electrons on gases. 

It has been observed in fact that electrons immediately form ions, 
that i is, electrically charged molecules in a gas ; it is true that the ions 
are of quite a different kind to those known in the theory of electro- 
s lytic dissociation. To distinguish these from the electrolytic ions, 
& since they are ce only in gas, we shall describe them as gas 
The numerous beperrted facts on this subject may be simply shown. 


1 See Nernst, Bedeutung elektrischer Methoden und Theorien fiir die Chemie, Got- 
_ tingen, O. Vandenhoek u. Ruprecht, 1901, p. 25. 

2 See H. A. Lorentz, Physikal. Zeitschr. 2. 78 (1900); Abraham, Gétt. Nachr. 
neat 1902, and W. Kanfinann, ibid. Heft 3, 1903. 
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and described by means of the following conceptions! With free 
electrons in a mass of gas, for example air, each electron attaches to 
itself a certain number of molecules of the gas and so forms a gas zon ; 
if the velocity of the electron is very great, it may produce a relatively 
large number of positive and negative gas ions. 

The formation of gas ions may be most simply conceived as due to 
the dielectric attraction of the free electrons of the gas molecules, 
just as on p. 386 we were obliged to assume that an electrolytic ion 
surrounded by a sheath of water molecules can cause a contraction of 
the solvent. The complex thus produced must go into thermal 
equilibrium with the other molecules, that is, it must assume an amount 
of kinetic energy corresponding to the temperature of the gas. 

If the free electron possesses a very high velocity, it may break up 
a large number of neutrons in the course of gradually losing its excess 
of kinetic energy, that is, it may form new positive and negative 
electrons, each of which, according to its kinetic energy, will either 
form a gas ion at once, or will break up fresh neutrons. 

As with electrolytic ions in a solvent the gas ions impart a certain 
conductivity of the gas. Cathode rays which penetrate into a gas 
through a thin metallic window from a Geissler tube, or Becquerel 
rays, projected by a radio-active preparation brought into the mass of 
gas, give to the gas a noticeable conductivity, since the negative 
electrons thus entering with high velocity produce a considerable 
number of positive and negative gas ions. 

This conductivity, unlike the ordinary electrolytic conductivity, is 
not stable or lasting, but recombination of the gas ions, or, more 
correctly, the combination of the electrons contained in a positive gas 
ion with the electron contained in a negative gas ion, causes it to 
disappear in a short but measurable time. Here, also, then is an 
important difference between the electrolytic and the gas ions; in the 
former equilibrium is produced in an immeasurably short time, in the 
second case quickly, but not so fast as to prevent any measurement. 


Many measurements have shown that the law of Guldberg and Waage 
(Book III. Chap. I.) is applicable to the recombination of the gas ions; if 
is the concentration of positive, and 7 of positive ions, we have 


usually but not always 7 can be put =7 Apparently the gas molecules 
with which the free electrons are loaded cause the recombination of 
the two kinds of gas ions to be measurably slow, though probably the 


reaction 
®@®+0=006 


1 See the lengthy exposition of J. Stark, Hlektrizitdt in Gasen, Leipzig, 1902, 
Ambrosius Barth ; a short but extraordinarily clear and precise summary by Langevin, 
Recherches sur les gaz ionisés, These, Paris, 1902 ; Ann. chim. phys. [7], 28. 289 and 433 
(1908). 
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which takes place in a vacuum, that is, in the luminiferous ether, occurs 
with a prodigious velocity, so that ether cannot be made conducting. 


It is of very great importance that the chemical nature of the gas 
is of secondary consequence to the degree of ionisation; this is in 
accordance with the views put forward here, that the process of 


ionisation consists primarily in the dissociation of neutrons, while the 


gas molecules play only a small part in forming a sheath round the 
free electrons in consequence of dielectric forces. According to the 
customary view that the ionisation consists primarily in breaking up 
the gas molecule into a positive ion and a free negative electron it 
might be expected, contrary to the observations, that the chemical 
nature of the gas would be of as much importance as in electrolytic 
dissociation. 


Other Methods of Formation of Gas Ions.*—Gases can be 
made conducting by various ways other than by rays of negative 
electrons. Apparently the reaction 


DO=O +0 
is always produced by a sufficiently high potential gradient, such, for 


example, as that at a charged point, when gas molecules are present 
which can attach themselves to the free electrons and so delay their 


recombination. At any rate gases can be made decidedly conducting 


by means of the so-called point discharge. 
Roéntgen rays have a very strong ionising influence on gases ; it is 
not unlikely that the violently impulsive ether waves, such as Réntgen 


Yays are supposed to be, produce potential differences capable of 


decomposing neutrons. 
Whether the ionic content of flame gases is due to spontaneous 
formation of gas ions by high temperature is doubtful; it must be 


observed in passing that at high temperatures gases possess a certain 


_ amount of stable conductivity which depends largely on the chemical 


nature of the substance, and must be due to ordinary electrolytic 
dissociation (p. 382). 


Mobility of the Gas Ions.—The number of gas ions present in 


the gas at the highest degree of ionisation hitherto produced is very 


small compared with the whole number of molecules in the gas, less 
than one gas ion in a billion gas molecules.? Hence the gas ions, 
like an extremely dilute electrolytic solution, must have a mobility 
independent of their concentration. 


1 See Stark, Z.c., p. 74. For distinction from the stable electrolytic dissociation of 


solutions, salts, and also gases (p. 382), the transitory conductivity of gases by means of 


gas ions may be described as ionisation. 


2 Our knowledge of gas ions is mainly due to the valuable investigations of J. J. 


Thomson and his students (Rutherford, Zeleny, McClelland, Wilson, Townsend, and 
_ others) in Cambridge, Leos to 1900. = Langevin, bs De 322. 
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The conductivity K of an ionised gas is therefore 
Ss kn pink 


where 7 and 7’ are the concentrations, k and k’ the mobilities of the 
positive and negative gas ions. 

The values of k and k’ have been obtained by widely differing 
methods ; without going into experimental details we will give here 
the most reliable values given by Zeleny.* 


kK 
k. Ke i Temp. 
Dry air 1°36 1°87 1:37 13°5 
Damp air 1°37 1°51 110 14 
Dry oxygen 1:36 1°80 1°32 WW 
Damp oxygen. 1:29 1°52 118 16 
Dry carbon dioxide 0°76 0°81 1:07 17°5 
Damp carbon dioxide . 0°82 0°75 0°92 iy, 
Dry hydrogen 6°70 7:95 1°19 - 20 
Damp hydrogen . 5°30 5°60 1°05 20 


The numbers are the velocities in cm. per second which the gas 
ions assume with a potential gradient of 1 volt per em. 

On comparison with the mobility of the hydrogen ion (p. 372) we 
see that the positive ions in dry air move some 400 times faster under 
the same potential gradient ; evidently the friction of the ions in air 
must be very much smaller than in water; the positive gas ions in 
hydrogen travel 2000 times faster than the hydrogen ions in water. 

In spite of these relatively great mobilities the conductivity due to 
ionisation in gas is very small because the content in gas ions, as 
remarked above, is less than 10-! of the gas, or since the latter at 
atmospheric pressure contains only 51, of a mol per litre the normality 
only reaches about 0°45.10-!. Even in hydrogen, in which we have - 
seen the mobility is 2000 times that of the hydrogen ion, the con- 
ductivity is only of the same order of magnitude as that of an acid 
solution of 10-1° normal. Consequently the conductivities of the 
ionised gases must usually be determined by electrostatic measure- 
ment, but even the small amount of electricity required to charge 
an electrometer usually causes noticeable changes of concentration in 
the gas ions. Consequently the methods of investigation of the 
conductivity of ionised gases differ considerably from these for the 
investigation of electrolytic conductivity. They cannot be discussed 
here however. 

The numbers given above for the mobility refer to gases at 
atmospheric pressure; according to the kinetic theory (p. 203), the 


1 Phil. Trans. 195. 198 (1901). 
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mobility of a gas ion must be inversely proportional to the number of 
collisions it makes with the gas molecules; in other words, it must 
increase in inverse proportion to the pressure of the gas. 

This conclusion is confirmed by measurements made at pressures 
of 0-1 to 0-2 atmospheres ; for lower pressures than this the mobility 
increases much faster than inversely proportionally to the pressure ; 
this is the case especially with the negative gas ions.! 

This result clearly means that at low pressures the number of gas 
molecules which surround the electron diminishes, and that hence the 
gas ion is more mobile. The circumstance that this diminution is 
more noticeable in the negative than in the positive gas ions confirms 
the conclusion drawn on other grounds that the positive electrons hold 
ordinary matter more firmly than negative; so too the invariably greater 
mobility of the negative ion as compared with the positive (see the 

/ 
ratio k in the table, p. 400) shows that the number of gas molecules 
attached to a positive electron is greater than to a negative. 
: The great influence that water vapour exercises on the mobility, 
and also, as may be seen from the table in the following section, on the 
diffusivity, is clearly to be attributed to the greater number of water 
molecules which attach themselves to electrons, perhaps on account of 
their greater dielectric constant (see also the next section). 


: Diffusion of Gas Ions.—The theory of the diffusion of electrolytes 
_ in dilate solution given by the author is applicable without change to 
_ the diffusion of gas ions. The diffusion coefficient is therefore, 
_ according to p. 370 (7), 
_ 2D 
OV 
"Here, if instead of volts we introduce absolute units, 
7 ee 10-8 Vk. 10% 
We have found for the gas constant of univalent ions, p. 372 (6), 
T 
— s — 6 
R= 2 351573 LOR, 


and since an equivalent of an n-valent ion possesses one nth of the 
osmotic pressure we have for n-valent ions. 


RT SU Saal Re! 61) 


Ikk’ 0:02351 T (2) 
eee n DS . , : 


d } 
) 4g - 1 See Langevin, /.c. p. 514. 
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Townsend! has given the following values of the diffusion constant 
at 15° (em.? sec.!) :— 


Obs. Cal. 
Air dry D=0°0347 0°0391 
Air damp D=0°0335 0°0356 
Oxygen dry D=0°0323 0°0384 
Oxygen damp . : D=0°0323 0°0386 
Carbon dioxide dry . D=0-0245 070194 
Carbon dioxide damp D=07026 0°0194 
Hydrogen dry . D=0'156 0°1805 
Hydrogen damp D=0°'135 0°1345 


According to p. 205, the diffusion coefficient, for example, of CO, 
into NO, is 0-089, and since these two gases’ have almost the same 
free path and molecular weight, the diffusion of carbon dioxide 
molecules in carbon dioxide (Maxwell's “ Diffusion into itself”) must 
be equally great. Now we saw, p. 375, that an electrolytic ion has 
about thé same mobility as an ordinary molecule; we may therefore 
reasonably expect that the mobility, and hence the diffusivity of a gas 
ion would be the same as that of an ordinary molecule if the two are 
of the same magnitude. We find, further, that in carbon dioxide— 
and other gases behave similarly—the gas ion travels only about one- 
third as fast as the carbon dioxide molecules (0°0245 as compared 
with 0:089); hence the assumption is made very plausible that a 
greater number of molecules is grouped round the electron in a gas 
ion (Langevin, /.c. p. 332, assumes that there are 7). 

Carrying out for gas ions calculations analogous to that on p. 373, 
we find agreement between the observed and calculated diffusion 
coefficients when 

D— 


this indicates that a gas won is electrically univalent, that is, it is only a 
single positive or negative electron. 


We saw on p. 369 that the diffusion of an electrolyte produces potential 
differences when the mobility of the positive and negative ions is different. 
The corresponding phenomenon for gas ions has been demonstrated by 
Zeleny,? who stated that a metallic conductor dipping into an ionised gas is 
negatively charged because the more mobile negative gas ions diffused to it 
faster than the positive. 


Condensation by Gas Ions.—When air saturated with water 
vapour is expanded it cools, and therefore becomes supersaturated 
with water, which, when there is dust in the air, condenses to form a 


1 Physikalische Zeitschrift, 1.318 (1900); more fully, Phil. Trans. 198. 129 (1889). 
2 Phil. Mag. 46, 134 (1898). 
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cloud ; when the air is free from dust it remains supersaturated ; but 
when the supersaturation is sufficiently great, gas ions are capable of 
acting as centres of condensation, so that we have an important new 
means of detecting them. 

J. J. Thomson,! who, with his students, cleared up this phenomenon 
by his brilliant researches, showed that when the ratio of expansion 
is greater than 1°33, both the positive and negative gas ions act as 
nuclei for the condensation of cloud drops ; if it lies between 1:29 and 
1°33 all the negative but only some of the positive ions act as nuclei. 
When the ratio of expansion is between 1°27 and 1°29 only the negative 
ions act as nuclei; and below 1°27 these cease to be effective. 


The action of the gas ions just described is probably, like the attachment 
of gas molecules to the electrons, referred to dielectric forces; in the last 
chapter of this book we shall return to this phenomenon, which is of the 
greatest importance for atomic conceptions. It is especially remarkable 
that the negative ions produce condensation more strongly than the 
positive. 


Positive and Negative Elements.—The electron theory allows 
us to form a clear picture of the relation between the dualistic 
and unitary conceptions. The different elements and radicals have 
different chemical affinities towards the positive and negative electrons ; 
those which have a strong tendency to combine with the positive 
electrons form positive groups of elements ; similarly negative elements 
are characterised by their affinity for negative electrons. Besides 
this different elements exercise a chemical attraction on each other 
which is not of a polar character. Accordingly, two atoms of an 
element may form a stable chemical compound without any action on 
the part of the electrons ; the stability with which the two hydrogen 
or two nitrogen atoms unite with one another in the molecule is an, 
example of this. The same is true of many of the compounds of the 
metalloids with each other, such as iodine chloride, phosphorus sulphide, 
and so on. So too the metals make numerous compounds with each 
other, in which we have no reason to suppose that the electrons take 
part. Carbon especially, which forms a transition between the well- 
marked positive and negative elements, reacts with both groups of 


_ elements, and since electrons seem here to be out of the question, 


a purely unitary conception of the carbon compounds is possible. 

But so soon as a positive and a negative element react with one 
another we have separation of ions, that is, the additional separation of 
a massless electrically neutral molecule is associated with this chemical 
process; it is remarkable that this process involves a far deeper 
change in the ordinary behaviour than one in which the electrons do 
- not take part; whilst the compounds of the metals with each other 
‘hg retain their metallic character, and similarly, compounds of metalloids 


-} Phil. Mag. (5, 46. 528 (1898) ; [6], 5. 346 (1903), 
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recall the properties of their components, when a metal reacts with a 
metalloid something entirely new and peculiar is produced. Sub- 
stances like sodium chloride show the greatest possible difference of 
character from that of their componeiits, and in the formation of such 
compounds clearly the chemical forces acting are the most intense. 

It is of course possible that in the non-polar reactions electrical 
forces are in the background, just as it has often been hoped to refer 
the Newtonian attraction to electrical phenomena, as has been accom- 
plished with optics. That, however, is a matter of the future; at 
present it is necessary to distinguish the forces of polar character from 
unitary actions. 

The views put forward here admit of supposing that an element or 
radical can react with a positive or negative electron, without a 
simultaneous reaction between another element of the opposite character 
combining with the electron which is set free. If this happens the 
free electrons should possess a certain dissociation pressure in analogy 
with that of ordinary chemical processes ; this would cause differences 
in the kinetic energy of the electrons given out; possibly the 
Becquerel rays are due to some such chemical process. (See Chap. XI.) 

In any case the recent investigations in the region of the electron 
theory have an importance for purely chemical questions that can 
hardly be overrated. — 


CHAPTER X, 


THE METALLIC STATE 


General.— Matter is found in a singular condition as metal, and 
although transition stages are known, there is on the whole a sharp 
distinction between this and the non-metallic state. 

The noticeably distinct position of the metallic substances may 
be seen in the first place in their facility for combining to form 
homogeneous mixtures with one another, but not with non-metallic 
substances ; no single non-metallic solvent is known for any metal 
apart from obvious cases of chemical combination, nor are any cases 

- of isomorphous mixtures of a metallic and a non-metallic substance 
known.! Selenium forms a very characteristic example of this; its 
metalloid modification is soluble in carbon bisulphide, while the 
metallic form is insoluble. 

A second, and perhaps the most important, criterion for the 
metallic state is the power of conducting electric currents 
“metallically,” that is, unlike electrolytic conduction, without any 
transport of matter; metallic and electrolytic conductors behave so 
differently that they are distinguished as conductors of the first and 
second class. 

The opacity of metals is closely related to their electric con- 
ductivity ; there are no known non-metallic substances which are so 
opaque in thin films as the metals. According to the electromagnetic 
theory of light, the opacity of the metallic state is due to the fact 
that conduction in the metal takes place without transport of matter, 
in contradistinction to electrolytic conduction ; metals behave, there- 
fore, as good conductors even towards electric oscillations as rapid as 

the waves of light. — 

It is noteworthy that metallic conductivity is usually at ordinary 
temperatures of a much higher order of magnitude than the highest 

_ known conductivity of electrolytes, and it seems from numerous 

observations that metallic conduction would assume enormous values 


1 The fact that hydrogen and the other gases, for which many non-metallic solvents 
_ are known, are also occluded by many metals, may perhaps be regarded as an exception 
_ but occlusion by metals is probably merely a phenomenon of adsorption, p. 123. 
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in the neighbourhood of the absolute zero of temperature, at which 
electrolytic conduction would almost vanish ; and on the other hand, 
at very high temperatures, whilst electrolytes gain considerably in 
conductivity, metallic conduction tends to cease. 

Certain partly conducting materials, such as carbon, silicon, 
tellurium, and similar elements lie on the boundary between the 
metallic and non-metallic states.!_ Metallic conduction in chemical 
compounds is rare and not well marked. 

' The characteristics of the metallic state vanish in gases; vapours 
of metals mix with all other gases and show no trace of metallic 
conductivity. 


Metallic Solutions.*—The general behaviour of liquid metallic 
mixtures is quite analogous with that of mixtures of non-metallic 
substances, Metals are known, for example lead and tin, which mix 
in all proportions in the liquid state and behave in this respect 
therefore like water and alcohol; others, such as zinc and lead, form 
two separate layers, which only dissolve each other to a small extent, 
and recall the behaviour of water and ether. : 

When a liquid mixture freezes, usually one of the components 
separates out in the pure state first, and in the same way the 
components of a metallic mixture can usually be separated by 
fractional distillation. Consequently the thermodynamic theory of 
metallic mixtures follows the same lines as that for non-metallic 
substances, and, in particular, molecular weight determinations in 
dilute solution can be made on metals as on other substances. The 
most important result that has been obtained in this respect is that 
the metals in dilute solution are for the most part monatomic; this 
has also been shown by vapour pressure determinations for mercury 
and cadmium vapour ; it is of course possible that the dissolved metal 
forms a compound with the solvent, but this can only contain a single 
atom of the dissolved metal. 


Molecular weight determinations in metallic solutions have been 
made according to the Raoult-van’t Hoff method by Ramsay,’ Tammann,° 
and recently in a very complete manner by Heycock and Neville ; ® the most 
important results of their investigations have been collected by Bodlander 
in the publication referred to. They found’? that tin is deposited in the 
pure state from alloys with sodium, aluminium, indium, copper, zine, silver, 
cadmium, gold, mercury, thallium, lead, and bismuth; that the molecular 


1 See also the arrangement of the elements, p. 180. 

2 See also F. Streintz, Leitvermigen gepresster Pulver, Stuttgart, 1908, F. Enke. 

® See also the article ‘‘Chemische Natur der Metall-Legierungen,” by F. Forster, 
Naturw. Rundschau, 9. Nos. 36-41; and “Konstitution einiger Legierungen,” by 
G. Bodlinder, Berg- und hiittenmanische Zeitung, 1897, Nos. 34 and 39. 

4 Zeitschr. phys. Chem. 3. 359 (1889). 

5 Ibid. 8. 441 (1889). 5 Journ. of Chem. Soc., since 1888. 

” Chem. Zentralblatt, 1889, Bd. I. p. 666. 
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weight of these metals in the liquid mass is the same as their atomic weight ; 
that, therefore, the molecules consist of single atoms like those of vapour of 
mercury. Aluminium and indium form double atoms in tin. Antimony 
alone raises the melting-point of tin. Sodiwm! deposits in the pure state 
from alloys containing gold, thallium, mercury, and dead, and _ these 
metals occur in sodium in the form of single atoms. Cadmium, 
potassium, lithium, and zine lower the melting-point of sodium less than 
the same number of atoms of the former metals, they therefore probably 
form double atoms as well as single. Bismuth? also separates in the pure 
state from alloys with most metals, and the following metals form monatomic 
molecules in fused bismuth: lead, thallium, mercury, tin, palladium, platinum, 
gold, cadmium, sodium, and silver. Zinc, copper, and arsenic form larger 
molecules, di- or triatomic; antimony raises the melting-point of bismuth, 
and must therefore be deposited in the form of a mixture or compound. 
Cadmiwm forms compounds with silver, since the latter metal raises its 
melting-point ; otherwise cadmium separates in the pure state, Antimony, 
platinum, bismuth, tin, sodium, lead, and thallium exist in these alloys in 
the state of monatomic molecules. Copper, zinc, mercury, palladium, 
potassium, gold, and arsenic form polyatomic molecules in fused cadmium, 
Lead seems always to separate in the pure state from its fused alloys. 
Whilst gold, palladium, silver, platinum, and copper form mainly mona- 
tomic molecules in fused lead, the molecules of the other metals in this 
solvent are larger. Antimony, cadmium, mercury, and bismuth in particular 
occur as double atoms in fused lead. If gold and cadmium are simul- 
taneously dissolved in tin, the compound AuCd is formed in solution,’ and 
erystallises out as such if the concentration is sufficiently great. The same 
alloy has been found in later investigations,t when gold and cadmium are 
dissolved in tin, thallium, bismuth, or lead. Silver forms with cadmium in 
solution in tin, lead, or thallium, the compound Ag,Cd, but in fused bismuth 
Ag,Cd. Gold combines with aluminium when both are dissolved in tin to 
form the crystalline compound Al,Au, which is insoluble in tin. By adding 
aluminium to tin containing gold the whole of the gold is precipitated in 
this form, so that pure tin is left behind. Pure thallcwm separates from a 
solution of gold, silver, or platinum in thallium ;° the dissolved metals, 
namely, gold, silver, and platinum, form monatomic molecules in thallium, 
Tin, bismuth, thallium, lead, antimony, and magnesium are monatomic in 
zinc, and all these solutions on freezing deposit zinc in the pure state® In 
recent years Tammann and his pupils have discovered a large number of 
compounds between metals; see Zeitschr. anorg Chem. since 1904, and 
especially the summary in Zettschr. f. Elektrochenie 14. 789 (1908). 


- The dissolved metals, like ordinary dissolved materials, show the 
phenomenon of diffusion as might be expected, since they obey the laws 


of osmotic pressure. G. Meyer’ has shown that the diffusion constants 
of metals dissolved in mercury are of the same order of magnitude as 


1 Chem. Zentralblatt, 1889, Ba. I. p. 1043. 2 Ibid., 1891, Ba. I. p. 123. 
3 Ibid., 1892, Ba. I. p. 153. 4 Ibid., 1894, Bd. I. p. 410. 
> Ibid., 1894, Bd. I. p. 266. 8 Journ. Chem. Soc. '71. 383 (1897). 


7 Wied. Ann. 61, 225 (1897). 
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those of the salts in water, and that this is also true of the frictional 
resistance. Metallic powder can be welded at high pressure, as has 
been shown by Spring! in a series of interesting researches, so 
that even solid metals are capable of diffusing into each other (see 
also p. 162). 


Metallic Alloys.—The components of a mixture of liquid metals 
can be deposited on cooling either in the form of an intimate 
mechanical mixture, or in the pure state, or as compounds, or, finally, 
in the form of homogeneous mixed crystals. The opacity of metals 
often makes it difficult to decide in any special case what the 
nature of a metallic alloy is; the constitution can, however, usually be 
ascertained by microscopic examination of layers and etched surfaces, 
or, finally, by the use of Réntgen rays. The most certain way of 
deciding the question is, however, to investigate the cooling curve of 
the solidifying mixture. (See Book IV. chap. II., paragraph “Thermal 
Analysis.’’) 


Electric Conductivity of Alloys.—The electric conductivity of 
alloys is very characteristic. If the alloy is merely a mechanical 
mixture, its conductivity is an additive property of the volume 
percentages of the components. The conductivity of an isomorphous 
mixture, on the other hand, is very much diminished by the addition 
of small quantities of the separate components, and hence is always 
much smaller than the value calculated from the law of mixtures. 
Finally, metallic compounds have a relatively high conductivity in the 
pure state, and additions of foreign substances have the same effect 
as upon pure metals. 

By means of these simple rules, which were laid down by Le 
Chateleir,” the various phenomena observed can. be easily explained. 
A theoretical explanation, which has the advantage of great simplicity 
and high intrinsic probability, has been given by Liebenow.* Accord- 
ing to this theory, the conductivity of all alloys consisting of a mixture 
of different kinds of molecules must be smaller than that reckoned © 
according to the rule of mixtures, because thermoelectric forces arise which 
oppose the electric current. 


Let us suppose a conductor, for simplicity, to consist of thin alternate 
layers of the two metals which form the alloy, then at the surface of contact 
Peltier effects will be produced (alternate heating and cooling), that is, the 
points of contact will be alternately heated and cooled, so that the conductor 


1 Zeitschr. phys. Chem. 15. 65 (1894). 

2 Le Chatelier, Revue générale des sciences, 6. (1895), 531; contribution a UV étude des || 
alliages (Paris, 1901), p. 446. , 

3 Zeitschr. f. lektrochemie, 1897, vol. iv. p. 201. Separately in Der electrische 
Widerstand der Metalle (Knapp), Halle, 1908. Lord Rayleigh pointed out in 1896 
(The Electrician, 3'7. 277), that opposing thermoelectric forces were to be expected in 
alloys. 
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becomes a thermopile whose electromotive force must oppose the current. 
Since, as is easily seen, this opposing force must be proportional to the 
strength of current, its effect appears simply as an increase in the resistance 
of the alloy. The same effect must be found when the two metals are not 
arranged in plates, as was assumed above, but in the form of very small 
particles, as actually occurs. 

We get for the specific resistance of an alloy the formula. 


C,(1 + yt) =A,(1 + at) + By(1 + Bt) ; 


here A, is the true resistance at 0°, B, is the apparent resistance due to the 
thermoelectric effect, or what is Dlegaically. the same, the opposing electro- 
motive force per unit strength of the current; C, is the observed resistance, 
a, B, y are the temperature coefficients. 

It is found that the temperature coefficient of most pure metals is 0004 
(about the same as the expansion coefficient of gases), or, in other words, the: 
resistance of most pure metals increases approximately in proportion to the 
absolute temperature, as was pointed out by Clausius (1858). As to the 
thermoelectric effect, it may be assumed in the first place that it is little 


' affected by temperature ; since the experimental results support this assump- 


tion we may put 


| B=0 
as the first approximation. 

Then from these assumptions a series of interesting conclusions may be 

drawn :— 

1, In general (when B, possesses a considerable value) the specific 

_resistance of an alloy will be much greater than that of its com- 
ponents, but the temperature coefficient much smaller than that of 
the pure metals. 

2. When the metals are mechanically mixed B, is small, therefore the 
specific resistance can be calculated from that of the components ; 
the temperature coefficient for such alloys is the same as that of the 
pure metais. 

3. If the two metals in mixing form a compound, and if the proportions 
are taken so as to produce it, B, must vanish and the temperature 
coefficient must be the same as ‘that of the pure metals; but if 
either of the components is present in excess, B) must reach a 
noticeable value, and therefore the temperature cnetieient must fall. 

These conclusions were thoroughly tested by Liebenow so far as the 


_ experimental material would allow, and were found correct to a surprising 


degree ; more recent measurements, especially those designed to test opposing 
theories, have supported Liebenow’s considerations in every respect; it 
appears, however, that a small value of B, (see above under 2) is due not to 
thermoelectric indifference, as Liebenow had to assume in the then state of 
affairs, but rather to the fact that the metals are mechanically, and not 


_ molecularly, mixed. 


It is probably better not to refer these effects to the ordinary thermo- 
electricity of metals, but to consider them in the light of the electron theory. 


_ For example, we may assume that when an Sean passes from the sphere of 
ad influence of one molecule into that of another kind of molecule, its velocity 
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is increased on entering and decreased on leaving. This conception is really 
practically identical with that of Liebenow, and leads, as far as I cam see, to 
the same results. We can thus determine the existence of definite metallic 
compounds under given conditions from the electric conductivity, or often, 
more simply still, from the temperature coefficient—as Liebenow also showed ; 
if, namely, the compound in question forms mixed crystals with the two 
components, then the conductivity as well as temperature coefficient exhibits 
a sharp maximum at the point where the ratio of the two components 
corresponds to the constitution of the compound. For further details, see 
eg. R. Ruer, Metallographie (Hamburg, 1907). 


The Theory of Metallic Conduction..—It is hardly doubtful 
from what precedes that the theory of metallic conduction should lead 
to a deeper knowledge of the metallic state, just as the theory of 
electrolytic conduction has led to a anes of the peculiar con- 
stitution of the electrolytes. 

Only the beginnings of this line of progress exist at the present 
time. The first assumption is obviously that electric particles are 
present in the metals and travel in the direction of the current, but 
these, unlike the ions, appear to be massless. The remarkable con- 
ductivity of many metals leads to the supposition that the number of 
such par ticles is very great; this view is supported by the fact that 
matter in the metallic state has a very great density, 7¢. that the 
numerous electric particles cause very great electrostriction (p. 386). 
The existence of massless electric atoms is rendered probable by the 
considerations on p. 395; according to these, we must regard the 
metals as solvents in which the dissociation 


CO > One 


reaches considerable magnitude. 


If it is assumed that the free electrons and metals follow the principles 
of the kinetic theory of gases, and especially that their kinetic energy can be 
considered as in equilibrium with that of ordinary molecules, the ratio of 
thermal and electric conduction in the metals can be caleulated in good 
agreement with experience (see Drude).! 


1 Ann. d. Phys. 1. 566 (1900); Reinganum, ibid. 2, 398 (1900). G. Jager, 
Sitzungsber. d. Wiener. Akad. 11'7, June 1908. 
® 


CHAPTER XI 
RADIOACTIVITY 


Historical.—Soon after the discovery of the Réntgen rays, and led 
on by this discovery, Becquerel (1896) observed that uranium com- 
pounds, and also metallic uranium itself, were capable of affecting a 


' photographic plate through light-tight screens (sheet aluminium and 


so on); gas in the neighbourhood of such “radioactive” preparations 


_ becomes a conductor in consequence of the formation of gaseous ions 


(p. 398). The latter manifestation of the phenomena of radioactivity is 
especially adapted for their closer investigation, on account of the 
great sensitiveness of electrometric measurements, 

A few years later (1898), C. G. Schmidt and S. Curie found 
independently of each other, and almost simultaneously, the lke 
behaviour on the part of thorium compounds. 

A very thorough chemical investigation undertaken by the two 
Curies led to the surprising result that an extraordinarily strongly 


| active barium preparation could be obtained from pitchblende, and 


further investigation showed that the activity of this preparation was 


|| to be ascribed to the presence of a small amount of a new element, 
| homologous to barium, and with the atomic weight 226. To this 
_ element the discoverers gave the name Radium. Chemical as well as 


spectro-analytical behaviour supports the contention that we have to 


| do here with a well-defined chemical element. Bismuth contained in 
| the pitchblende also proved to be strongly radioactive ; closer in- 
_ Yestigation showed the presence in this case of a radioactive element 


closely related to tellurium. It was named Poloniwm by the Curies, 


| and first obtained by Marckwald (1902) in a pure state. Finally, the 


rare earths, which are present to a very slight degree in pitchblende, 
also contain, as Debierne showed, a radioactive companion, actinium, 
_ which is characterised by giving forth an emanation (see further below) 


of very short life. Giesel found later (1902) the presence of actinium 
in the earths which had collected in radium bromide mother-liquors, 
"and showed it to be analogous to lanthanum. 


The intensity of the radiation of pure radium, which, up to now, 
is the only one of the strongly radioactive elements to be prepared 
411 
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pure in workable quantities, is enormously greater than that of | 
uranium, and so a series of new radioactive phenomena was discovered — 
with the aid of radium preparations ; these exhibit strong phosphor- 
escence, like that caused by cathode and Réntgen rays ; radium-barium 
salt mixtures are strongly phosphorescent, the radium rays causing 
the barium salt to phosphoresce strongly ; many salts, as well as glass, 
are coloured by radium rays after some time ; oxygen is ozonised, and 
what is probably connected with this, organic tissues are quickly 
destroyed ; water is decomposed into knallgas, and so on. 

Particularly striking is the property of radium preparations to 
develop heat continuously ; 100 g. cal are produced in an hour per 
gram of radium content. 

To all these wonderful phenomena was added in 1903 the discovery 
of Ramsay and Soddy, that radium preparations evolve helium, the 
presence of which could be easily and with certainty proved by 
spectrum analysis. Rutherford’s hypothesis of atomic disintegration, 
which appears at first sight, even stranger, if possible, than radio- 
activity itself, yet explains the phenomena of radioactivity in a simple, 
and, as far as can be seen at present, complete way. 


The Nature of the Rays.—Rutherford’s investigations in parti- _ 
cular have given us very conclusive information on the nature of the 
radiation from radioactive substances. It was shown to be made up | 
of different kinds of rays, which were distinguished as a, B, and y 
rays, to which must now be added the recently discovered 6 rays: q 

1. The a rays, like the so-called canal-rays of Geissler tubes, } 
consist of positively charged particles (gaseous ions); it has been 
recently assumed on apparently good grounds, that these particles are 
helium atoms combined with two positive electrons. Their velocity 


can be exceedingly great, up to 35 the velocity of light. It is there- |} 


fore obvious what enormous kinetic energy the particles can possess. | 
A further result of their high velocity is their penetrative capacity ; || 
not too thin aluminium foil, thick paper, and the like, can nevertheless |) 


absorb a rays practically completely. If the velocity of the particles |i! 
sinks to about 315 of that of light, they can no longer ionise the air; |) 
and as their velocity is diminished on passing through air, their |) 
capacity to ionise is completely destroyed after a certain length of |/} 


path ; for instance, after 3°86 cm. for polonium rays. The measure- |i 
ment of this length provides a method by which the characteristic |}) 
initial velocity of the particle from different radioactive preparations |} 
can be determined. |. 
2. B rays consist of negative electrons, and are therefore identical 
in behaviour with the so-called cathode rays. Their velocity can |) 


attain that of light; and the greater it is, the more penetrative will |)7 


the rays be; for example, they can pass through fairly thick aluminium |} 
leaf. They excite strong fluorescence, especially on barium platino- |) 
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cyanide ; their presence is best shown by means of a photographic 
plate. 

3. The y rays have the greatest penetrative powers, but are not 
deflected by a magnet; they have therefore the same properties as 
Rontgen rays. It is probable that these rays are secondarily produced 
by 6 rays, through the obstruction of electrons shot forth from the 
middle of the radioactive preparation, just as Réntgen rays result 
from the absorption of cathode rays by matter. 

4, 8 rays, finally, consist of relatively very slow moving, negatively 
charged particles; they are correspondingly easily absorbed, and are 
strongly deflected by magnets in the opposite. direction to a rays on 
account of their charge, and in the same direction to, but much 
stronger than, rays. 

As the different kinds of rays are given forth by different 
preparations with different relative strength, an investigation of the 
nature of the rays of a radioactive substance under consideration gives 
us important information. It is extremely desirable that the methods 
used in the investigation of the different kinds of rays should be 
improved as far as possible. Especially important is the measurement 
of the deflection of the rays in a magnetic or electric field, because 
from the extent of the deflection can be calculated the velocity 
and the mass of the particles expelled. A radiation consisting of 
uncharged particles expelled with very high velocity could be detected , 
_ by the accompanying development of heat, but, as a matter of fact, 
generally escapes notice owing to the inaccuracy of this method. It 
_ is, at the same time, quite probable that a radiation of this kind is 
_ given forth from radioactive elements. On the other hand, a radiation 
consisting of charged particles moving with sufficient speed to ionise 
air, can be detected extraordinarily sharply by means of an electro- 
scope; thus, according to V. Lersch,! “if we distributed’ 1 mg. of 
radium C amongst all the inhabitants of the earth (about 2000 
- million), then each person would receive enough to discharge five 
_ electroscopes in a fraction of a second.” 

The energy of the a radiation from radium is by far greater than 
from any other radioactive element ; the absorption of the radiation is 
the main cause of the development of heat mentioned above. If a 
_ radium preparation is enclosed in a small glass tube, only B and y 
rays penetrate, and as the former rays carry negative electricity with 
them, the preparation becomes charged positively. 


‘Te 


er ? 


Theory of Radioactivity.—Rutherford, as has been already 
observed, has succeeded in explaining the phenomena of radioactivity 
by a simple hypothesis, according to which they are due to a kind of 
explosive disintegration of the atom of a chemical element. Such an 
hypothesis seems at first sight extremely bold, but it is well to 


} 
; | Zettschr. f. Elektrochemie, 13. 383 (1907). 
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remember that the extremely complicated structure of the emission 
spectra of chemical elements gave rise long ago to the conception that 
the atoms of an element are by no means simple points of mass, but 
must have a very complicated structure. We do not know what the 
component parts of an atom are, but it is likely that helium atoms 
and electrons play an especially important part—at any rate in the 
building up of the atoms of elements of high atomic weight. We can 
well imagine that the different parts of an atom are in lively motion, 
and the assumption that from time to time such a mechanism explodes 
is merely a direct consequence of the kinetic point of view. 

When this happens often, the element in question will be unstable, 
or practically incapable of existence ; if it happens extraordinarily 
seldom, the element will be, practically speaking, entirely unchange- 
able, and this is therefore the condition in which the chemical elements 
formerly known exist, with the possible exception of uranium and 
thorium. If, on the other hand, the atom of an element is neither 
extraordinarily unstable, nor extraordinarily stable, then single atoms 
will continually decompose, and, at the same time, a radiation in the 
form of pieces of the atom shot out with high kinetic energy will be 
maintained ; in this condition exist, according to the above hypothesis, 
the radioactive elements (uranium, thorium, and especially radium). 
From this point. of view, radioactivity is obviously quite a general 
phenomenon ; but it only lends itself to observation, when the atomic 
disintegration takes place neither too often nor too seldom. That 
relatively few elements are in this condition is not to be wondered 
at; much rather must it be considered fortunate that strongly 
radioactive elements are capable of being investigated. Now that 
investigation has been directed to these phenomena, it is to be hoped 
that, through the extraordinary improvements of which electrostatic 
methods éspecially are capable, even the measurement of an exceed- 
ingly slow atomic disintegration, 7.2, of an exceedingly weak radio- 
activity, will be made possible. 


The Time Constant of Chemical Elements.—The atoms of 
a chemical element are capable of various changes of place; eg. 
collision with: atoms of another element is the cause of chemical 
phenomena. Besides these changes the atom leads, so to speak, an 
independent existence, and although we know no details of this 
existence, yet we can follow Rutherford and make the simple 
assumption that the number of atoms — dn which a given quantity of 
the element loses in time dt, should be set proportional to the number 
n of the atoms still present : 


—dn=A ndt, 


or, if at time t= 0, the number of atoms is n,, then the value for the 
time constant is given by integration 
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The time + which elapses till half the atoms are destroyed is 
therefore given by 


1 
=-—|n2 
Tas In 24 
and is called the period of half decay. 

Investigation of radioactive substances has shown that neither 
temperature, state of aggregation, nor even the nature of other elements 
with which the element under consideration is combined, has any 
influence on its length of life. In the light of the above hypothesis 
this means that so far as we know at present, there is no kind of 
influence which can be brought to bear on intra-atomic movements. 
From an experimental point of view, the result signifies that although 
the change of one chemical element into another is possible (¢.g., 
formation of helium from radium) yet we possess no means by which 
we can influence the change in any way. 

' It therefore seems as if the period of half decay, like the atomic 
weight, has a characteristic value for each element. Just as the 
atomic weight of an element remains unchanged in all ordinary 
chemical processes, so the same thing holds good for the period of 
half decay. Should, therefore, the atomic disintegration hypothesis 
stand the test of time, the determination of the period of half decay 
with the greatest possible accuracy, and for as many elements as 
possible, will be one of the most important tasks before us. 


The following are the chief methods for determination of this constant : 

1. In the case of elements of short life, the gradual decay in radioactivity 
is measured, or, more directly, the time which elapses before the radioactivity 
has fallen to half its original value is determined. 

2. The mass of charged corpuscles given forth by the preparation is 
electrometrically measured, and from this the rate of decay can be indirectly 
determined. 

3. As a rule, the decay of a radioactive element gives rise to new radio- 
active elemnents; hence after a very long time a stationary condition will be set 
up, in which as much of these intermediate products is destroyed as is formed 


in unit time. We conclude therefore from the fact that all uranium earths 


existing for geological time contain radium, that radium is a product of the 
decay of uranium ; now, as the rate of decay of radium has been determined 


__ by several methods, the rate of decay of uranium can be calculated from the 
_ relative proportions of radium to uranium in the earths mentioned. 


1 Radioactive decomposition obeys therefore the law of monomolecular reactions (of 


Book Ii., Chap. V.). If we have a mixture of radioactive elements, as is often the case, 

_ then each element has its particular constant \, and the decay curve of the radioactivity 

_ is more complicated. Nevertheless by taking enough measurements the separate values 
of \ can be determined. ; 
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The Products of the Decay of Uranium.—In order to obtain 
a picture of the variety of the relations here prevailing, a table is 
given of the length of life of uranium, and as many of its products of 
decay as are known at present ; investigation is, of course, in no way 
to be considered complete. 


Element. aa Ls eee Properties. ae 
Uranium . 7°10 years | Nitrate soluble in ether . a 
Uranium X 22 days Nitrate difficultly sol. in ether. BY 
Ionium 2 Very similar to Thorium . a, B 
Radium 2600 years Homologue of Barium : a (6) 
Ra (emanation) 3°8 days Noble gas, condenses at — 150° a (6) 
RAS 3 minutes Difficultly volatile a 
RB . 26 minutes 7s B 
RC 19 minutes . a, B, y 
RD . 40 (#) years bf 4 Inactive 
RE, . 6 days Hs a 
RE. 4°8 days ee . B 
RF “(Polonium). 140 days Similar to Tellurium a (6) 

= zt | 


Pure uranium has a certain activity ; by different chemical means 
it is possible to separate a substance (uranium X) which possesses the 
whole of the activity originally ascribed to the uranium (at any rate 
as regards the B rays). This is true only for a moment; after some 
time uranium X loses its activity, while the original uranium regains 
it to exactly the same degree, for uranium X is continually produced 
from uranium by the decay of its atoms. The separated uranium X 
itself, on the other hand, decomposes quickly further, and its activity 
therefore falls off. 

The mass of uranium X present in uranium must increase till in 
the same time as much uranium X is formed from uranium as is 
decomposed further. To the stationary condition obtained in this 
way has been given the name radioactive equilibrium. 

The question into what bodies polonium changes has not yet been 
solved. It is supposed that lead is the final product of uranium decay, 
but it has not been found possible up to the present time to prove 
this assumption directly. 

Ra, which is, according to the above, an easily volatile radioactive 
element, is also called radium emanation. This emanation changes 
into other non-volatile radioactive elements, and so objects which have 
been for some time in the neighbourhood of a radium preparation 
become themselves active. This is the cause of the so-called induced — 
radioactivity. 


1 Whether ionium is formed from uranium directly, or through another intermediate 
product, has not yet been cleared up. 
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Chemical properties seem to bear no relation to the mean length 
of life; according to R. Lucas (1906), however, a connection exists 
with the electrochemical properties, for with progressive decay, electro- 

| chemically nobler transformation products are formed. As is also 

_ shown in the above table, quickly decaying elements exist, which do 
not send forth any noticeable rays ; but it must be remembered that we 
have no certain test for rays which consist of electrically neutral 
particles. » 


Radioactivity and the Atomic Conception.—It might be 
thought that doubt is thrown on the atomic conception by the theory 
of radioactivity. It is true that in the light of this theory, the atom 
can no longer be considered absolutely indivisible. But it must be 
emphasized that the conception of the atom as such, for all ordinary 
physical and chemical processes, is the same now as it was before, 
because we have no means whatsoever by which we can influence in 
_ any way the occasional spontaneous decomposition of atoms. The 

atomic conception itself seems rather to be capable of an extraordinary 
extension and strengthening through the phenomena of radioactivity. 
Finally, the condition that new sources of energy of undreamt-of 
magnitude appear to be made accessible by the transformation of 
chemical elements is of universal importance ; for instance, by the 
_ complete decay of radium we can obtain about one hundred thousand 
_ times the amount of heat which would be yielded by the combustion 
_ of an equal weight of coal. 
In this connection Marckwald,! pertinently says, “It was the 
_ alchemist’s dream to change ignoble into noble metals. Radioactive 
substances teach us that if this process were possible, we should either 
: gain so much energy that the value of the noble metal obtained would 
_ be negligible in comparison, or, conversely, the consumption of energy 
q required to bring about the change would make the ennoblement 
_ practically worthless.” 
: 
t 


The literature on radicactivity is extremely comprehensive ; references 
to special papers have been given in this chapter. Special attention may be 
_ called to the excellent reports on the subject by M. Toepler (Abhandlungen der 
 Naturwissenschaftlichen Gesellschaft Isis, 1905, Heft 1); W. Marckwald (Mus- 
pratt, Chemie, unter “Uran”); Stefan Meyer (Vierteljahrsbericht des Wiener 
_Verems sur Férderung des physikalischen wnd chemischen Unterrichts, 1906). 
A collection of the most important results and a complete index to the 
literature has been made by R. Lucas (Gmelin-Kraut, Handbuch der 
 anorganischen Chemie;*7, Aufl, 1906, under “ Radioaktive Stoffe”) A 
_ series of lectures, and the discussions which arose from them, can be found in 
_ the report on the “14te Hauptversammlung der Deutschen Bunsengesellschaft” 
| (Zeitschr. fiir Elektrochemie, 1907, Heft 27). Finally the comprehensive 
lecture by Marckwald, mentioned above, can be especially recommended. 


' 1 Ber, de deutsch. chem. Ges. 41, 1561 (1908). 
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CHAPTER XII 
COLLOIDAL SOLUTIONS 


Colloids and Crystalloids.—From his examination of hydro-diffu- 
sion, Graham? came to the conclusion that substances existing in 
solution fall into two groups, the physical and chemical behaviour of 
which are characteristically different. These differences appeared to 
Graham so pronounced that he designated them as “two different 
worlds of matter,” the crystalloidal condition of matter being in the 
sharpest contrast to the colloidal condition. 

The difference between them is shown most clearly in their 
solutions. Up to this point we have considered only solutions 
of erystalloids ; let us now turn to the examination of solutions of 
colloids. 

The most important examples of the latter are silicic acid, 
aluminium hydroxide, ferric hydroxide, and many other metallic 
hydroxides ; also starch-flour, dextrin, gum, caramel, tannin, white of 
egg, glue, etc. etc.; also colloidal solutions of certain elements, as 
silver, selenium, platinum, gold, etc., have been recently prepared. * 

The distinctions consist in this, viz. that erystalloidal substances 


are characterised by the facility with which they assume the crystal- — 
lised condition; while the colloids, which were named by Graham ~ 


from their representative glue [«é\Aa], are incapable of crystallising, or 
at least do so very slowly. Still more important are the differences 
between the conduct of these two classes when in a state of solution. 


It will be shown shortly how pronounced is the difference between crystalloid — 


and colloid solutions regarding their osmotic pressures, 
As has been mentioned already, Graham was led to his discovery 
of the peculiar nature of colloidal solutions by the study of their 


diffusion velocity ; the diffusion of colloids, in general, resembles that 


of crystalloids, but is relatively a much slower operation. This is 
shown by the following time periods found by Graham to be required 
to effect the same degree of diffusion at 10°. 


1 Lieb, Ann. 121, 1 (1862). 
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Crystalloids. | Colloids. 


Hydrochloric acid . 
Sodium chloride 

Sugar. : : 
Magnesium sulphate 


White ofegg . : . 49 
33 Caramel . : : eos 


Osmotic Pressure.—The question was formerly raised whether a 
colloidal solution was to be regarded as a simple emulsion, or as a true 
solution. But, at present, when we can detect a “head” of pressure 
directly from the phenomena of diffusion, we must in all probability 
suppose that there is no essential difference between solutions of 
colloids and of ecrystalloids.!_ But the extreme slowness of the diffusion 
of colloids indicates emphatically two things, viz. on the one hand, 
the driving force must be very small, i.c. the osmotic pressure is 
' very small; and, on the other hand, the resistant friction experienced 
__ by the molecules in their passage through the water must be enormous ; 
both these conditions are explained by the assumption that the colloids 
possess exceedingly high molecular weights. 

Now, as a matter of fact, the experiments conducted with colloid 
solutions show very small values for the osmotic pressure. Thus 
Pfeffer,” by the use of a membrane of cupric ferrocyanide, obtained 
the following values for gum-arabic at the respective concentrations, 
_ and at a temperature of 15°; the corresponding values for cane sugar 
_ are appended for comparison :— 


| 
Con. Gum-Arabic. Cane Sugar. rae AN 
tay 6-9 cm. Hg 51°8 em. Hg 2570 
6% DLO sinks UO Ome le Ne 4110 
14% SOO); OWL) eal ag 3540 
18 % BOPP 55 OSD A. 5 2680 


The molecular weights of the gum-arabic given in the last column 
_ are obtained by the well-known rules (p. 258), from the mol. wt. (342) 
of cane sugar, multiplied by the ratio of the corresponding osmotic 
_ pressures. 

In the following table are given some molecular weights, calculated 


_ 1 Suspensions are to be distinguished from solutions in the fact that they exercise no 
casurable osmotic pressure, and also that they do not diffuse ; this criterion has been 
_ overlooked in many recent researches. 

2 -Osmotische Untersuchungen, Leipzig, 1877. 
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Substance. Membrane. Con. | Temp. | Pressure. Mol. Wt. 
| _ | | 
| Dextrin Oupric ferrocyanide ty | 16° | 166 emebon aso 
| Conglutin. | Calcium phosphate a ae | BEtebs a 9500 
| Glue . Cupric ferrocyanide 6% om 23" ae aes 4900 
Glue . Parchment Anal ae 21375 5200 


Further Linebarger! has determined the osmotic pressure of 
colloidal tungstic acid, using parchment paper as the semi-permeable 
membrane, as it is impermeable for the dissolved colloid. A solution, 
containing 24°67 g. of H,WO, per litre at 17°, showed a pressure of 
25°2 cm. of Hg, which gives a mol. wt. of 1700; while that from the 
formula (H,WO,), require 1750, a fairly good coincidence ; another 
solution containing 10 g. per litre gave a mol. wt. of 1720. 


The Freezing-Point and the Vapour Pressure.—In harmony 
with the small osmotic pressure stands the observation, that the 
Jreezing- and boiling-points of colloidal solutions are only slightly different 
from the respective values of pure water. Tammann? showed that the 
vapour pressure of water is only slightly depressed by the addition of 
considerable quantities of gelatin and gum. ‘The following table of 
figures, given by Sabanejeff and Alexandrow,? gives an illustration of — 
the slight depression of the freezing-point of colloidal solutions :— | 


Quantity of White Depression of the 
of Mees ane & Brvertng- Poin’: gos 
14°5 0:020° 14,000 
26°1 0°037° 13,000 
44°5 0°060° 14,000 


Of course such results as these are open to the objection that the — 
observed depression of the freezing, small as it is, may be accounted — 
for on the supposition that the colloid is impure, and therefore that 
the mol. wts. given in the third column are to be regarded only as the 
lower limit. But at all events it is an evidence that the remarkable 
magnitude of the mol. wt. of substances occurring in colloidal solution 
is one of their chief characteristics. It is worth mentioning that 
Graham * himself raised the question “ whether the complex nature of | 


I Silliman’s Jowrnal [Am. Jour. Sci.] [3], 48. 218 (1892). 
2 Mem. d. Petersb. Akad. 35. No. 9 (1887). 
3 Journ. russ. Ges, 2. 7-19 (1891) ; ref. in Zeitschr. phys. Chem. 9. 88 (1892). 
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the molecule is not the basis of the colloidal condition.” Although 
colloidal solutions may represent the transition state intermediate 
between emulsions and true solutions, yet they doubtless resemble the 
latter much more than they resemble a coarse mechanical suspension. 


The Molecular Weight of Colloids——The osmotic method 
described above is particularly suitable for the further investigation 
of colloidal solutions, and especially for the more exact determination 
of their molecular weights. For while exact measurements of the 
lowering of the vapour pressure and of the freezing-point are open 
to question, because of the extreme difficulty in purifying the colloids 
from foreign salts, yet these impurities may be disregarded in the 
measurement of the osmotic pressure, because these salts can easily 
penetrate the parchment paper, and thus do not affect the observed 
pressure action. Moreover, the differences of the freezing- or boiling- 
points here, although very small, some hundredths of a degree, 
correspond to pressures which can be easily measured by the man- 
_ ometer. 

The same method of investigation, when applied to a mixture of 
several colloids, would lead to some conclusions respecting the mutual 
action of colloid molecules. Of course the very dark question regarding 
the relative capacity of the colloid molecules for reaction claims 
especial interest. 

In the following table are given some figures collated from the 
_ results by the freezing-point method :— 


Substance. Mol. Wt. Observer, 
Inulin P A ; , 2200 
Maltodextrin . : : 965 Brown and Morris. 
Starch : i ; F ca. 25000 
Gum. ; 2 . ; », 1800 | 
Caramel . ; ‘ », 1700 Gladstone and Hibbert.? 
Ferric hydroxide ; : », 6000 If 
Tungstic acid . : : Ce S00 
Glycogen . c : : > 140,000 Gatin-Gruzewska.° 
Silicic acid ; ; . | at least 49000 |\a Ha 
ee. Hidde Spe eee 


Although the results may be uncertain on account of the smallness 
_ of the depressions observed, yet at the same time they undoubtedly 
show that colloids do have a very large mol. wt. 

Moreover, it appears that other Reolabnts besides water may be 


1 Chem. Zentralbl. 2, 122 (1889). 
2 Jhid. 189; Phil. Mag. 28. 38 (1889). 
8 Plfiigers Archiv, 103, 282 (1904), 

' 4 Ohem. Zentralbl. 1, 10 (1891). 


y 

utilised to prepare colloidal solutions ; thus caoutchoue dissolved in 
benzene shows a mol. wt. of 6500 (Gladstone and Hibbert); and 
tannin in acetic acid a mol. wt. of 1100 (Sabanejeff). Further, it 
should be mentioned that Graham explained the peculiar inactivity of 
colloid substances as a result of their high mol. wt. ; also, from the 
fact that arabic acid, ¢.g. (Gummi-siure), could be neutralised by very 
small quantities of calcium hydroxide or potassium hydroxide, he 
concluded that its mol. wt. must be much greater than C,,H,,0,,, the 
formula commonly given. 

Another way of determining the molecular weight, which is free 
from the sources of error mentioned, but does not rest on so firm a 
theoretical basis, consists in the direct measurement of the diffusion 
coefficient. Riecke’s kinetic theory (see p. 245) requires that the 
diffusion coefficient should be inversely proportional to the square 
root of the molecular weight : 


D 
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vee. 
~ /M 
The experiments of Thoverts! have shown that k has the value of 


59°2. Herzog? who determined the diffusion coefficients of a few 
solutions of albumens, found the following molecular weights : 


Egg Albumen . ; é : . 17,000 
Egg mucus : : ; : . 30,000 
Pepsin . ' ‘ : F - 13,000 
Inversin : : ; ; . 54,000 
Emulsin . ; : F : . 45,000 


The order of magnitude of these results agrees satisfactorily with that 
obtained by the freezing-point method. 


Optical Properties.—Colloidal solutions, like ordinary solutions, 
appear perfectly clear when examined (even microscopically) by trans- 
mitted light. But if a strong beam of light is allowed to fall on a 
colloidal solution at right angles to the observer, the solution often 
appears cloudy in the path of the light; it is therefore not homo- 
geneous, or “ optically empty ” (Tyndall phenomenon). 

Although this phenomenon should not be considered a criterion 
for colloidal, as opposed to true, solutions, yet from the strength of 
the effect we can draw an approximate conclusion as to the size of the 
dissolved or suspended particles. The determination of the size of 
the particles by ultra-microscopical observation, really depends on this 
same method (see below, p. 431). In this way Zsigmondy * showed 
the presence, in colloidal gold solutions, of particles of diameters from 
10-° to 10-3 mm., according to the method of preparation ; the colour 


1 OR. 183. 1197 (1901); 184, 564 (1902). 
2 Biochem. Zeitschr. 11. 172 (1908). 
3 Zeitschr, f. Elektrochemie, 12, 631 (1906). 
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by transmitted, as well as the appearance by reflected light, varies in 
the most pronounced way with the size of the particles. Zsigmondy 
has also shown that very small particles, which cannot even be 
observed by means of the ultra-microscope, may be enlarged and 
made apparent by the following beautiful method, analogous to 
photographic development ; in reducing mixtures containing gold or 
silver, the particles grow at the expense of the metal in the (chemical) 
solution, every particle acting as a core. 


Gelatination.— Many colloidal solutions are able to coagulate or 
gelatinise, either on the addition of foreign substances or sometimes 
spontaneously. They must therefore be regarded as supersaturated, 
and in a state of labile (unstable) equilibrium. Other colloidal solu- 
tions, as those of gelatin, agar-agar, etc., ¢.g. will solidify only below 
certain definite temperatures, and will become liquid again only when 
raised to the same temperature. Here of course we have to do with 
a condition of equilibrium between the gelatinous and the liquid 


states, and this is a parallel to that between the salt and the saturated 


solution. 

The simplest conception of the nature of gelatinised solutions is 
that a solid amorphous substance is separated which has a “ network” 
structure, and hence an enormous surface. Hardy! has in fact 
succeeded in showing by microscopic observation that a jelly consists 
of a fine network ; the solid frame formed by the colloid contains a 
certain amount of dissolved water, while the interstices are filled with 
an aqueous solution of the colloid. ‘The two phases are held together 
by capillary forces; the greater part of the water, which is held by 
“ capillary affinity ”? is removed by evaporation, but where the inter- 
stices of the network are very fine, the water is given off only by 


_ drying thoroughly. 


If a dried jelly is brought into contact with water, it begins to 
swell. This process apparently indicates an inward suction of the 
water into the capillaries, resulting in a large increase of the volume. 
That the force which drives the water into the colloid substances is 
very great is obvious from the fact that blocks of granite are split by 
the swelling of wood. The work performed by the capillary and 
adhesion forces occasions the development of heat, although this is 
not very considerable. This was observed by E. Wiedemann and 


_ Liideking.? 


By the addition of plenty of water, some colloids, as gelatine, glue, 
etc., can be brought. back to solution; but others, as silicic acid, 


cannot be. As stated by both the observers mentioned above, the 


‘1 Zeitschr. f. phys. Chem, 38. 326 (1900). 

2 Graham, /.c. p. 72, and interesting researches by Linebarger on velocity of 
coagulation, J. Amer. Chem. Soc. 20. 375 (1898). 

* Wied. Ann. 25. 145 (1885). 
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solution is attended by an absorption of heat. This is in harmony with 
the fact that the heat of solution of solids is as a rule negative. The 
coagulation of colloidal silicic acid is accordingly attended by the 
development of a corresponding degree of heat. 


A gelatinised solution presents several peculiarities,—an inter- — 


mediate thing between a solid and a liquid, its enormous internal 
friction relates it to solids. It also has clearly defined elasticities of 
deformation which clearly distinguish it from true pulpy substances. 
Yet it preserves many properties of liquid solutions; thus it can 
dissolve crystalloids and allows them to diffuse freely. Thus, accord- 
ing to the older researches of Graham, who worked with solutions of 
gelatine, and especially according to the more recent work of Voigt- 
linder,! who worked with agar-agar solutions, it appears that crystal- 
loids diffuse through gelatinised solutions with velocities which are 
remarkably near to those which they diffuse through pure water. 

In harmony with this, the electric conductivity of salts, which, as 
shown by the principles already established, is closely connected with 
the capacity of diffusion, is only slightly changed by the gelatinisation 
of the solution. A similar thing seems to hold good for the reaction 
capacity, as is inferred from an observation made by Reformatzky.’ 
According to this, the velocity with which methyl acetate is decom- 
posed by acids in a solution gelatinised by agar-agar is within 1 per 
cent of the velocity in pure water. 

By means of these properties we can explain some of the applica- 
tions which have been made of gelatinised solutions, and which possess 
great interest. 

Thus the sensitive layer of photographic plates which were wet by 
the old methods, by the new methods are made of a dried gelatinised 
solution or emulsion of the sensitive substance, so that their practical 
use is rendered much easier than was formerly supposed to be possible. 

When galvanic elements are to be transported, the electrolytic 
liquid with which they are provided is gelatinised. This led to the 
construction of the so-called “ dry cell.” 

The introduction of “culture gelatine” into bacteriology by Robert 
Koch marked a new epoch in this science. 

Finally, it should be noted that the technology of explosives has 
experienced an extended regeneration by the use of gelatinised solu- 
tions of pyroxylin (smokeless powder), and especially so since Alfred 
Nobel gelatinised the pyroxylin with “nitroglycerin,” and thus used 
an explosive itself as the solvent. 

It is remarkable that a gelatinised solution is unable to absorb another 
colloid, because it retards its diffusion almost completely ; for this 
reason it makes a semi-permeable membrane, which gives free passage 
to water and its dissolved crystalloids, but not to colloids dissolved in 
water. 

_| Zeitschr. phys. Chem. 8. 316 (1889). 2 Ibid. '7. 34 (1891). 
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This fact, which was known by Graham, and which he rightly re- 
garded as very important, explains why a clearly defined osmose is to 
be observed only when an animal membrane, parchment, or unsized 
(planirtes) paper is used with colloid solutions. Membranes of this 
sort have the property of colloid solutions, of offering not a very 
much greater resistance to crystalloids than to pure water, but they 
hinder colloids almost completely. Before the membranes, which are 
semi-permeable for many crystalloids, and which are described on 
p. 129, were known, the tendency was to ascribe a very strong osmotic 
activity to colloidal solutions, and it was not until Pfeffer’s experi- 
ments that the contrary was known to be the case. 

It cannot be certainly stated at present why a gelatinised solution 
is impermeable to a dissolved colloid. Perhaps it may be reasonable 
to suppose that the meshes of the network are too fine to allow the 
colloid molecules to diffuse, but are wide enough to allow the smaller 
erystalloid molecules to diffuse. 


Dialysis.—The property of gelatinised solutions just described is 
very important for the preparation of pure colloid solutions, because 
it makes the separation of colloids and crystalloids possible. Thus let 
a piece of parchment paper or of animal membrane be fastened to the 
lower part of a frame, and let this be filled with the solution to be 
purified, and let it be dipped into pure water ; then, after a sufficient 
lapse of time, the crystalloids in the solution diffuse through into the 
water, especially if the water bathing the frame be replaced from time 
to time with fresh water ; the colloid substances remain behind in the 
frame. Thus to prepare colloidal silicic acid, ¢.g. we decompose a 
solution of sodium silicate by hydrochloric acid, and then pour it into 
the “dialyser,” for so the discoverer, Graham, called the simple 
apparatus, the method being called “dialysis.” After several days the 
sodium chloride formed, and the excess of hydrochloric acid, diffuse 
away, and there remains a solution of silicic acid which is almost 


absolutely pure. Asa result of the osmotic action of the dissolved 


_ colloid during the process, the solution [of the colloid] becomes diluted 


with water. 


Hydrosols and Hydrogels.—Colloids which can be redissolved 
by a solvent after separating from it in the solid state are called 
hydrosols, those which cannot be so redissolved are called hydrogels, or 
simply gels; the solid hydrosols are thus reversible colloids and the 
hydrogels irreversible colloids, and it would probably be better to use 


_ these expressions instead of the inconvenient terms hydrosol, etc., 
which make a wholly unnecessary demand on the memory. 


Colloidal Solutions of Metals.—If solutions of metallic salts 
are acted upon by reducing agents under certain definite experimental 


conditions, the metal is obtained in so finely divided a state, that the 
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so-called colloidal solution of the metal is formed. Bredig? has 
shown that the same solutions can be obtained by allowing an electric 
are to pass between metallic electrodes under water. Probably the 
high temperature causes the material of the electrodes to vaporise, the 
subsequent cooling being so rapid that the particles do not collect to 
form large complexes, but remain in a state of extremely minute 
division. In this way colloidal solutions of some metals (¢.g. cadmium) 
could be obtained which had not previously been prepared by any 
other method. The Svedberg? has recently improved this method. 
Even colloidal solutions of the alkali metals can be obtained in 
indifferent solvents by using an alternating current of high capacity 
instead of the direct current usually employed, excluding oxygen, 
and keeping the solution at a low temperature. It is unnecessary to 
make the electrodes specially out of the metal in question; it is 
sufficient to place pieces of the metal in the liquid, and bring them 
into contact with the sources of the current. Solutions of the alkali 
metals are highly coloured, the absorption band moving towards the 
region of greater wave-lengths with increasing combining weight. 


Precipitation Phenomena.—A colloid can be precipitated from 


its solution by addition of an electrolyte. The action of the electrolyte 
depends either on the cation or on the anion, according to the nature 
of the colloid to be precipitated. The phenomenon has been in- 
vestigated quantitatively by Schulze*® and others who determined the 
minimum quantity of the electrolyte necessary for precipitation of the 
colloid, and found at the same time that the precipitating power of 
an electrolyte is a function of the valency of the ion that causes 
precipitation, and increases strongly with increase of valency. 

Between the precipitating power K of an electrolyte and the 
valency R of the precipitating ion, the relation 


ey op Gs Ra Kore 
approximately holds. K is expressed by the dilution of the solution 


just capable of causing coagulation. Hydrogen and hydroxyl ions 
have especially great precipitating power. 


The adsorbent power of the colloid for dissolved substances probably 
plays an important part in the precipitation phenomena, Van Bemmelen ° 


1 Anorganische Fermente. eipzig, 1901. 

2 Ber. d. deutsch. chem. Ges. 839.1708 (1906), ‘Studien zur Lehre von den kolloiden 
Loésungen.” Upsala, 1907. 

3 Journ. prakt. Chem. [2], 82. 390- 407 (1885). 

4 See Hardy, Ber. 87. 1095-1116 (1904); Freundlich, Zeitschr. phys. Chem. 
44. 129-160 (1903); Perrin, Compt. rend. 137. 564-566 (1908). This relation has 
been applied to the determination of the valency of the Beryllium ion by Galecki 
Zeitschr. f. Hlectrochemie, 14, 767 (1908). 

5 Zeitschr. f. anorg. Chem. 28. 321-372. 
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found that the partition of a dissolved substance between a solution and a 
solid colloid can be expressed by the formula 
C2 
a 
Co : 


where C, is the concentration of the dissolved substance in the colloid, and 
C, is the concentration of the solution ; n is usually greater than 1. 


Electrical Phenomena.—Both Quincke! and Helmholtz? observed 
that suspensions move under the influence of an electrical potential 
gradient. That colloids are affected in the same way has been 
established by many investigators*; it has been shown that some 
colloids, as ¢.g. the hydroxides Fe(OH),, Al(OH),, Zr(OH),, etc., 
move in the opposite direction to the current, while others, ¢.g. Pt, 
Au, Se, the sulphides, silicic acid, etc., move in the same direction as 
the current. 

The actual conductivity of colloids is, however, so small that it has 
not yet been determined with certainty. Cotton and Mouton °® 
showed, however, that the migration velocity of all colloids is of the 
same order of magnitude, while Whitney and Blake® state that the 
migration velocity of the colloidal particles is approximately equal to 
that of a monovalent ion of an inorganic salt. 

As colloidally dissolved substances exist in conglomerates of 
numerous chemical molecules (in the narrow sense), it is to be expected 
that a colloidal particle can also contain electrically charged molecules 
(ions) ; if one kind of ion is in excess, an electric charge must result, 
and this causes the migration phenomena. Now the electric charge 
of colloidal particles must obviously be of extreme importance for the 
stability of the solution. For the separate colloidal particles must 
tend (under the influence of adhesive and capillary forces) to combine 
with each other to form flocks, 1.2. to coagulate. But colloidal 
particles which have similar electric charges repel each other, and so 
hinder the coagulation, and the colloid remains in stable solution. 

Every circumstance which removes the electric charge of the 
colloid must therefore in general cause coagulation. If an electrolyte 
is added, coagulation will only be brought about by the ion charged 
oppositely to the colloid, while the other ion is either without influence 
or tends to prevent coagulation; in fact, it is only by addition of 
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1 Pogg. Ann. [2], 113, 513-598 (1861). 

2 Wied. Ann. 7, 337 (1879). ; 

8 See, eg. B. Coehn, Zeitschr. f. Hlektrochem. 4, 68-67 (1897); Wied. Ann, 64. 

_ +217 (1898) ; Hardy, Zeitschr. f. phys. Chem. 88. 385-400 (1900) ; Linder and Picton, 

_ Journ. Chem. Soc. 71. 568-573 (1897); Lottermoser, Sammi. chem. wu. chem.-techn. 

Vortr. 6, vols. 5 and 6, p. 76. 

=. # See Duclaux, Oompt. rend. 140. 1468-1471 (1905) and Malfitano, Compt. rend, 
139, 1221-1223 (1904)... 

5 Oompt. rend., 1904, from 27th June. 

® Journ. Amer. Chem. Soc. 26. 1339-1387 (1904). 
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oppositely charged ions that an electrically neutral complex can 
result. 

From the same point of view we can explain the rule of Linder and 
Picton! that colloids can mutually coagulate each other which migrate 
in opposite directions in an electric field; in this case electrical 
neutralisation occurs when the two oppositely charged colloids coalesce. 
W. Biltz® investigated quantitatively this mutual precipitation and 
succeeded in showing the existence of a maximum effect. He obtained 
the following results when 10 c.cm. gold solution containing 1°4 mg. Au 
were acted upon by 5 cc. of zirconium hydrate solutions of variable 
concentrations. 


Zr0g in mg. Phenomena observed. 


16°2 No precipitation. 
No precipitation. 
Formation of flocks which settled very slowly. 
Complete precipitation. 

5 Very fine flocks, settling very slowly. 

2 Extremely fine flocks. 

65 No precipitation. 


A maximum effect occurs therefore at 1°6 ; when the amount-of ZrO, 
is either above or below certain limits, no precipitation takes place. 

According to Biltz this must be explained in the following way. 
In order to neutralize the electric charge of one colloid by the opposite 
charge of a second, a certain definite quantity of the latter is necessary. 
If either more or less than this is added, the charge of the second or 
first colloid is in excess, and precipitation is only partial, or may not 
take place at all. 

The question to what extent the two colloids combine (without 
formation of flocks) at a great distance from the maximum, seems 
worthy of further investigation. Although it is thus possible to bring 
many observations under the same point of view, “yet we are still 
far from a complete comprehension of all the phenomena occurring in 
this wide field.” * Considering the extreme importance of colloids for 
all organisms, their closer investigation is obviously one of the most 
urgent tasks of physical chemistry; especially important are the 
questions how far, and with what alterations, the laws of chemical 
statics and dynamics can be applied also to colloids. 

The ingenious experiment of Arrhenius, who applied the principals 
of chemical equilibrium directly to the mutual neutralization of toxins 
and antitoxins, has been proved unsuccessful by Ehrlich* It is 
obvious that the slow processes in question were mistaken by 
Arrhenius for equilibrium phenomena. 


1 Journ. Chem. Soc. 71. 572 (1897). 

Ber. 87. 1095 (1904). 

Lottermoser, Zeitschr. f. Electrochemie, 12. 630 (1906). 
See ibid. 10. p. 661 ff. (1904). 

Cf. my critique tid. 10. p. 377 (1904). 
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i r the subject of the colloids see Lottermoser, 
lloide,” Sammlung chem. techn. Vortréige, Heft 6; A. Miiller, 
Kolloide, Leipzig, 1908 (Deuticke); Bredig, Anorg. Fermente, 
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; also the short summaries by W. Beltz, Chemikerzeitung 29. 
Medizin. naturw. Archiv, 1, 267 (1907); and Lottermoser, 
trochem. 12. 624 (1906) ; 14. 634 (1908). 
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CHAPTER XIII 
THE ABSOLUTE SIZE OF MOLECULES 


The Superior Limit.—We have treated thus far of the properties of 
molecules, of their kinetic conditions, of the various forces exerted by 
them, etc. In this concluding chapter we will discuss briefly the 
problem of their absolute dimensions. 

The assumption that matter is not infinitely divisible requires 
that these dimensions [of the molecule], no matter how small, must 
yet be finite. 

Many experiences of daily life speak in favour of the view that 
the divisibility of matter extends to a high degree. Infinitesimal 
quantities of strong perfumes can impart their odour to whole rooms ; 
they have entirely filled them with their molecules. Infinitesimal 
quantities of strong colouring substances can distinctly colour large 
quantities of water. One part of fluorescein, when dissolved in more 
than a hundred million parts of water, suffices to impart to it a distinct 
fluorescence. Faraday prepared gold-foil, the thickness of which, at 
the most, was 0°5 millionths of a mm. Réntgen+ succeeded in pre- 
paring layers of oil on water, having about the same thickness. 

The attempt has been made repeatedly from determinations of 
this sort to find an upper limit of the size of the molecule, or at least 
the limit of the sphere of activity of the molecular forces, i.e. the distances 
within which the mntual attraction of the molecules begins to have 
a “noticeable value.” As is obvious, there is no precise definition of 
this sphere of activity, for it leaves the question open regarding the 
boundary between the “noticeable” (merklich) and the “unnoticeable ” 
action; nor will this be possible until we know something certain 
regarding the law of the variation of the molecular forces, with their 
distances apart.” Nevertheless, by means of the capillary forces, an 
estimation of these magnitudes can be attempted; in this way van 
der Waals found the order of the magnitude to be about 0°2 millionths 
of a mm. 

1 Wied. Ann. 41, 321 (1890). 


2 See, eg. Bohl, Wied. Ann. 86. 334 (1889); Galitzine, Zeitschr. phys. Chem. 
A, 417 (1889). 
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If it were possible to make lamelle of a homogeneous liquid 
sufficiently thin, then the otherwise constant surface-tension (p. 56) 
would begin to diminish as soon as the thickness of the lamelle 
should become smaller than the sphere of activity of the molecular 
forces ; because, from this point, the resultant of the forces, which 
are directed towards the interior of the liquid, would begin to 


~ diminish. The phenomenon of the dark spots in soap-bubble films 


has been employed for this purpose; but even disregarding the fact 
that such a heterogeneous and ill-defined substance, chemically, as 
“soap solution,” must at the outset be discarded for investigations 
like these, it is stated by Drude! that the surface-tension of these dark 
parts is not noticeably different from that of the other parts; this 
observer determined their thickness to be 17 x 10-® mm.; while Reinold 
and Riicker? found it to be 12x 10-®mm. A. Overbeck ® conducted 
an interesting research, in which he determined the slightest thickness 
with which a platinum plate must be covered by another metal, in 
order that this layer may receive an electric charge; but this method 
cannot give a safe determination of the sphere of activity of the 


molecular forces, because the observations can be explained by the 


formation of an alloy (a solid solution, p. 161), on the surface of the 
platinum. 

A very interesting and promising method of detecting small 
particles whose refractive index differs sufficiently from that of the 
medium has been discovered by Siedentopf and Zsigmondy ;* by 
strong side illumination they succeeded in producing a diffraction 
image of the particles which are made self-luminous by the illumination ; 
this can be done even when their dimensions are small compared with 
the wave-length of light. The method was found to he applicable to 
particles of about 6°10-° mm., so that direct observation has already 
approached molecular dimensions, The authors applied their method 
to ruby gold glasses; they succeeded in showing that the gold is 
distributed in small particles in these glasses. Although no doubt the 
gold particles (colloidal molecules ?) thus made visible consist of many 
single gold atoms, it is none the less of the highest interest that by 
refining the observation the apparent continuum can be resolved into 
discrete points. 


The Space occupied by the Molecules.—According to the 
present view, the molecules do not completely fill the space which is 
occupied by the body as a whole, but are. separated from each other 
by intervening spaces. We have already repeatedly studied properties 
which are to be regarded as measures of the volume actually occupied 


q by the molecules (p. 310 ff.), or which at least are related more or less 


1 Wied, Ann. 48. 158 (1891). 
_ 2 \Phil. Trams, (1881), 447 ; (1883), 645. 
3 |Wied. Ann. 81. 337 (1887). 
4 Ann. d. Phys. [4], 10. 1 (1903). 
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closely in this way. We will now proceed to see how far the absolute 
value of this magnitude is determined. 

The first method to determine this is derived from van der Waals’ 
theory, according to which the constant “b” of the equation of 
condition is equal to fourfold the volume of the molecule; now its 
value can be calculated, either by means of the deviation of gases from 
the law of the ideal gas condition, or from the relation that it is three- 
fold as large as the critical volume; or finally, from the equation 
p. 220) 


if we calculate the critical pressure +, in atmospheres, then our unit 
of volume will denote the space occupied by a mol of the gas under 
normal conditions of temperature and pressure, and the equation 


denotes the fraction of the volume actually occupied by the molecules. 

The three methods given above to determine the value of b give 
only approximately coincident results, on account of the inexactness 
of the theory, to which reference has often been made; but these 
deviations are of no importance in view of the object here considered. 
We find abundant data for calculations of this sort.1 Equation I. is 
naturally not applicable to substances that are strongly dissociated 
(p. 276). 

The Clausius-Mossotti theory of dielectra (p. 311) gives another 


method; according to this, when D denotes the as constant, 


the value of the space filled i is 


ire I 
X= 9 ; ; : : Ie 


The following table, taken from a work of Lebedew,? contains iat 
results calculated by these two independent methods. The dielectric 
constant D is obtained from the equation 


D-1 
We Ok dee const., 

which is well established, both by theory and by experiment ; here d 
denotes the density reduced to the gas condition at 0°, and to a 
pressure of 1 atm. The table is based on the measurements of Boltz- 
mann (1875), Klemencic (1885), and Lebedew (1891). 


1 Kontinuitdt, ete., p. 186. 
2 Wied. Ann. 44, 288 (1891). 
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x. i} 

Substance. = oes 

Ace. to I. Acc. to II. nae 
Nitrous oxide . ts ; 000048 =| 000038 37 
Carbon dioxide. La Mee 0:00050 | 0:00033 4°0 
Ethylene . , Z F 0700056 | 0:00054 2°4 
‘| Carbon ue , : 0:00082 | 0:00097 4:3 
Benzene . 5 2 0700128 | 0-00123 27 


Although the deviations between the two columns of figures are 
far greater than any error due to observation, yet it is very remarkable 
that the orders of magnitude coincide so well. Therefore it need not 
appear questionable if these values should be used to develop further 
conclusions. 


' The Density of the Molecules.—The specific gravity w of the 


| ‘, molecules may be calculated directly from the value of x. 22,412 c.c. 
of a gas at 0°, and a pressure of | atm., contain 1 mol M; there- 


fore the density of the molecule, referred to water at 4°, amounts to 
aes 
p20 419x. 
In the third column of the a table are given the respective 
values of this quantity, on the basis of the value of - x, according to van 
der Waals’ figures. 
Values of the same order of magnitude are obtained by calculating 


_ -w from the dielectric constant ; thus 


D-1 
The specific refraction (p. 310) gives therefore a measure of the 


; i ue : 
specific volume a of the molecule, which is at least approximate. 


The Size of Molecules.—By combining these units, obtained as 
just described, with the formula of Clausius and Maxwell (p. 203), viz. 
Ne 1 i} 
a es : : 1 
V/ Ins? ie NM / 2QLrs? (1) 


we are led a step further. The mean_wave-length L has been deter- 


‘mined, with at least an approximate coincidence, by three different 


methods, so that we are certain-of the approximate value. Then A°, 
a cube, the cross-section of which contains a molecule of the gas, may 


be denoted by the reciprocal value of the number of molecules N in 
unit volume, so that for the sum Q, of the cross-section of the mole- 


cules, we may write ~_ Nes? 1 


eee ee een) 
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Now if we assume that the molecules are spherical, it obviously 
results that the following equation, 


s°7 ~ 2 
r= N—==s0 . : . F 
x=N 6 38 (3) 


represents the volume of the molecules; and therefore the molecular 
diameter would be expressed by the following formula, containing 
only magnitudes which can be determined, viz. 
s=6 V2xL =85xL, 
Thus for carbon dioxide (p. 204) we find 
s=8'5 x 0:000068 x 0:00050 = 0°29 millionths mm., 


and similar values for other substances. 


The Number and the Weight of Molecules.—The number 
of molecules contained in 1 cubic mm. of’a gas at 0° and at 
atmospheric pressure is obtained directly from the formula 

ee 1 Best 
V2Lms? 72 V2L8x2r 320L3x2 
According to Avogadro’s law this must be the same for all gases, 


i.e. L3x* must be a constant. 
If we again use the mean free paths derived from the internal 


friction (p. 204), we obtain— 


Lx 108, x x 105. L8x2 x 1020, 
Nitrous oxide P : 68 48 72 
Carbon dioxide : , 68 50 7°8 
Ethylene : . : 58 56 6°1 
Mean 7:0 x 107 


Therefore it follows that the number of molecules N contained in 
1 cubic mm. of a gas at 0° and at atmospheric pressure is 
if 
1020 — 4: 16 
N= 550 x 70L° 45 x 1016, 
Now 1 cubic mm. of hydrogen weighs 0:000090 mg. ; therefore an 
atom weighs 4 


0:000090 
aN 
and a molecule of any gas of mol. weight M has the weight expressed 
by the formula 


= 1°00 x 10-74 mg,, 


y =x 10 ane! 


1 [Taking 2°8 x 10!8 as the most probable value for N (see below), the mass of the 
hydogen atom becomes 1°6 x 10-*! mg. ] 


| 
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: , : Cas 2] 
Sirk! derived values for x from the refractive indices (x = oe 
ne at 
p. 312), and so made use of a wealth of experimental material for the 
calculation of a°x*, As n for gases is very little different from 1, we 


obtain as a close approximation 
2 
= 2 (ie by 
x= 5 (n= 1) 


In this way the mean value of 1? (n—1)? for 32 different gases and 


vapours was found to be 3:°24.10-%°; hence it follows that N= 
9°65). 1016, 

These calculations were first given by van der Waals, though 
Loschmidt still earlier (1865) had tried to obtain an estimate of these 
values. 

The colloidal molecule, for which M may be over 10,000, may 
weigh about 10-1” mg. If we dissolve 1 mg. of white of egg in a 
litre of water, there will be about 10! molecules in each cubic mm. 


The Electric Charge of an Ion.—1-:008 mg. of hydrogen, when 
in the ion condition, carries 9°65 absolute units of electricity (p. 371), 
and therefore an atom has 
965,45 .10-° 4:307.10-¢., 
FOOSN Nee 
by making use of the more exact value for N obtained below, it 
follows that the charge on a hydrogen ion is 1.54x10-*% To 
convert this into absolute electrostatic units we must multiply by 
3.101 This number in general represents the magnitude of the 
electric charge of a univalent ion or electron. The n-valent ions of 
course have an n-fold charge. 


: ‘ ‘ : em. ; 
If a particular ion moves with a velocity of 1 sie then this repre- 


sents a galvanic current of an intensity of 15:4 x 10~*° of an ampere. 
Now, by the aid of a very sensitive galvanometer, one can detect a 
current of about 10-1 of an ampere, .c. what would correspond to the 
movement of about 100 millions of ions, with the velocity mentioned 


above. 


Determination of the Absolute Charge of an Ion.—In the 
earlier editions of this book it was suggested that the magnitude of the 
charge of single ions might perhaps be determined, and hence the 


absolute magnitude of the molecule. 


This hope has meanwhile been most completely realised in more 
than one way. 
1. We saw on p. 403 that a gas ion can serve as the nucleus for 


cloud formation, and that with sufficient under-cooling all the gas ions 


\ 


act in this way. 
p See eame d, Wiener Akad., Math.-nat. Klasse, 117 [11a], 1 (1908). 


~) 
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Now the mass of condensed water can be reckoned from the 
degree of under-cooling ; the size of the single drops may be determined 
from the rate at which they sink, so-that the number of drops formed 
is known. But as the degree of ionisation produced, for example by 
means of Réntgen rays, is also known, we have a means of determining 
the amount of electricity contained in each drop, and this is identical 
with the charge of a single ion, 

‘In this way Thomson found (loc. cit. p. 403) 11°3 x 10-71 absolute 
(magnetic) units as the charge of a single ion. It follows that the 
number of gas molecules in a cubic millimetre of a gas at 0° 
atmospheric pressure is N=3'8 x10! Thomson’s experiments 
have been repeated by other English investigators, who obtained 
similar results. Thus Wilson! found N = 4:17 x 10%, Millikan and 
Begeman ? found N = 3°18 x 10", 

[Recently Millikan *® has repeated his measurements with various 
refinements, and obtained a value for N of 2°78 x 101% the probable 
error being only about 2 per cent. | 

2. A second method of determining directly the elementary 
quantity of electricity rests on the possibility of counting the number 
of a particles shot out by radium in a second, and then determining 
the total charge of these particles by electrical measurements. In this 
way the charge of a single a particle can be determined. The number 
of particles shot out in a second can be determined by different 
methods. One «a particle produces a large number of ions in a gas, 
and each of these ions can, under certain experimental conditions (¢.g., 
when the gas, highly expanded, is in a very strong electric field) give 
rise to new ions by collision. In this way the action of a single a 
particle can be so magnified that its appearance can be directly 
detected by the deflection of an electrometer. In order to make use of 
this phenomenon to count the a particles, only an extremely small, but 
accurately known fraction of the total radiation is allowed to enter the 
ionisation vessel. The number of deflections of the (ballistic) electro- 
meter is then counted, and thus the total number of a particles can 
be easily calculated (on the assumption that the radiation is the same 
in all directions). 

Another method of determining the a particles is to observe the 
so-called scintillations which they excite on a screen of Sidot’s blende 
—a phenomenon which was discovered by Crookes* and by Elster 
and Geitel. ° 

It is reasonable to assume that each a particle gives rise to one 
scintillation, so that by counting the latter, we can find the number 
of a particles.® 


1 Phil, Mag., April 1908. 2 Phys. Rev., February 1908, p. 197. 
3 Phil. Mag., February 1910, p. 209. 4 Proc. Roy. Soc. 81. 405 (1908). 

5 Phys. Zeitschr. 5, 437 (1905). 

6 Rutherford J.c. ; further Regener, Verh. d. Deutsch. phys. Ges. 10. 78 (1908). 
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The results of these two methods agree closely ; one gramme of 
radium sends out 3:4. 101° a particles in a second. 

The total charge on the a particles sent out by one gramme of 
radium was found by Rutherford and Geiger! to be 31:5 electrostatic 
units, so that the charge on one particle is 9°3.10-1!° units. The 
comparison of this number with the values obtained by other methods 
(see above) makes it appear highly probable that an a particle carries 
two elementary quantities of electricity, so that by this method we 
obtain 4°65.10~-!° for this fundamental number, and for N the value 
2°78.10'®. Regener (/.c.) calculates provisionally from his experiments 
N=371.,10%. 

3. Planck, from his electromagnetic theory of radiation? obtains 
N = 2°76. 10" by using the accurately determined empirical constants 
of some laws of radiation. 

[4. Finally, Perrin ® has arrived at a value for N from an investiga- 
tion of the Brownian movement (p. 206). He assumes that the 
granules of a dilute uniform emulsion behave as the molecules of a 
perfect gas, and shows this assumption to be justified within the errors 
of observation by comparing the behaviour of granules of different 
emulsions which differ widely in size and mass. It follows from this 
hypothesis that the Brownian particles have the same mean kinetic 
energy as the molecules of a gas (p. 203 ff.), and also that the con- 
centration of the particles decreases exponentially as a function of the 
height. In this way N may be determined by directly counting the 
number of particles present at different heights in the emulsion. A 
theory of Einstein makes possible another determination of N from an 
investigation of the activity of the movement. Perrin gives 3°17 x 106 
as the mean of a large number of determinations by these methods. | 
The following values have thus been obtained by different methods 
for the number of molecules of an ideal gas in a cubic millimetre at 0° 
and under atmospheric pressure :— 


Kinetic Theory . ; . . NS Orel OF 
Method of Cloud formation . : : N=27S. 10% 
Counting of a particles : ; ; N=2°78. 10% 
Theory of radiation. : , P N= 276.108 
Brownian movement . : : Nexis te Oe 


The first value can only be Hanaiea approximate, as it is obtained 


by making certain simplifications (¢.g. assuming spherical molecules, 
etc.) ; the agreement between the four other values is very good. 
In any case we may regard the molecular dimensions as established 


with a remarkable degree of certainty, so that the atomistic conception 
begins to lose its hypothetical character. 


1 Proc. Roy. Soc. 81. 161 (1908). Physik. Zeitschr. 10. 1 (1909). 
2 Vorlesungen iiber die Theorie der Wirmestrahlung, Leipzig, 1906, p. 167. 
® Annales de chimie et de physique [8], September 1909, English "translation by F. 


_ Soddy. “Brownian Movement and Molecular Reality ” (Taylor and Francis). 


BOOK III 


THE TRANSFORMATION OF MATTER 
(THE DOCTRINE OF AFFINITY, L) 


CHAPTER I 
THE LAW OF CHEMICAL MASS-ACTION 


The Aim of the Doctrine of Affinity.—As the final goal of the 
doctrine of affinity, this problem is proposed, viz., to ascribe those 
forces which are efficient in the transformation of matter to well- 
investigated physical transformations. The question of the nature of 
the forces which come into play in the chemical union or decomposition 
of substances was agitated long before a scientific chemistry existed. 
As long ago as the time of the Grecian philosophers, the “love and hate” 
of the atoms were spoken of as the causes of the changes of matter ; 
and regarding our knowledge of the nature of chemical forces, not 
much further advance has been made even at the present time. We 
retain anthropomorphic views like the ancients, changing the names 
only when we seek the cause of chemical changes in the changing 
affinity of the atoms. : 

To be sure, attempts to form definite conceptions [regarding these 
affinities] have never been wanting. All gradations of opinion are 
found, from the crude notion of a Borelli or a Lemery, who regarded 
the tendency of the atoms to unite firmly with each other as being 
due to their hook-shaped structure (and we employ the same view at 
present when we speak of “the linking of the atoms in the molecule”), 
to the well-conceived achievements of a Newton, a Bergman, or a 
Berthollet, who saw in the chemical process a phenomenon of attraction 
which was comparable with the fall of a stone to earth. 

The idea that a deeper insight into the nature of the chemical 
forces could be gained by identifying them with the attractions of the 
different electricities was only transitory; for chemistry has com- 
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pletely emancipated herself, in spite of the authority of a Berzelius, 
from a theory which, instead of leading to further discoveries, was only 
suited to obscure the impartial estimation of the facts. It is not too 
much to say that there is no discovery of any physical interchange of 
bodies with each other which has not been used by some speculative 
brain in the explanation of the chemical forces also; but up to the 
present the results are not at all commensurate with the ingenuity 
displayed. It cannot be emphasised enough that we are as yet very 
far from reaching the goal, viz. the explanation of chemical decom- 
positions by the play of well-defined and well-investigated physical 
forces. 

In view of this undeniable fact, we must ask ourselves the question, 
whether this problem has been well chosen, and also whether it is not 
too premature. And, in fact, it appears that the strenuous endeavours 
made to reach the goal at present do not promise very much; and it 
seems as though the ladder, from which some one will pluck the ripe 
fruit, is not at present built firmly enough nor high enough. 

Nowhere does a master mind show itself more clearly than in the 
wise restraint which imposes upon the investigator the choice of the 
mark to be aimed at; and nowhere is danger more imminent than 
when valuable ability for work is squandered in attacking useless 
problems—problems which offer difficulties which are almost insuperable 
at present, but which may perhaps be easily overcome in a short time 
by the use of results gained from sources which [previously] seemed 
entirely foreign to the subject. 

The history of chemistry offers a striking example of this. As long 
as the alchemists attempted to convert the worthless metals into gold, 
their endeavours remained fruitless; scientific chemistry did not 
develop until it began to consider questions which had been previously 
regarded as insignificant. 

The most immediate aim requires that we must deliberately ignore 
the question regarding the nature of the force which is instrumental in 
chemical decompositions, and must fix the eye upon its mode of action, 
and especially as regards its dependence upon the external conditions, 
such as the mass-ratio, the temperature, and the pressure. And here 
brilliant results have undoubtedly been obtained. Similarly the laws 
which control the pressure exerted by gases were discovered before 
they were explained by ascribing them to the collisions of the gas 


molecules. For, supposing that it had happened that some genius 


had gained an insight into the kinetic gas theory a little before the 
gas laws themselves were discovered, even then, as a matter of fact, 
the way leading to the kinetic conception of the gaseous state had to 


be levelled down by much painstaking endeavour. 


We are as yet very far distant from having a clear conception of 
the course of a chemical combination, but we possess some fundamental 


_ laws which control it. The investigation of such laws should not 
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be regarded as less worthy than the aim designated above ; for, ulti- 
mately, that standpoint will receive vindicated recognition which 
recognises, ¢.g. the experimental discovery of the laws of gases as being 
on an equality with their theoretical establishment. 

We may compare the present condition of the doctrine of affinity 
in many respects with that of theoretical astronomy. The latter, on 
the basis of Newton’s law, attained a development which at that 
time was not reached by the other sciences. This law, according to 
which two mass-points attract each other directly as the product of 
their masses, and inversely as the square of their distance, merely 
describes the mode of action of attraction; it does not explain its 
nature, which is unexplained, even at present. The question which 
anticipated the important discovery of this law was not why does a 
stone fall to the earth, but how does it fall. 

Similarly, a great result in chemical mechanics was obtained when 
the question was asked, not why, but how, do acids invert water 
solutions of cane-sugar. And although such a simple and universally 
efficient law as Newton’s law has not been formulated as yet for the 
complexities of chemical phenomena,—where, in strong contrast to 
astronomy, the specialised nature of matter is expressed most clearly, 
—yet, nevertheless, theoretical chemistry does possess a number of 
universal natural lee which make a formal description of the course 
of a chemical reaction possible, just as theoretical astronomy predicts 
the paths of the heavenly bodies. 

The demonstration and application of these laws will form the 
second part of this description of theoretical chemistry. 


The Condition of Chemical Equilibrium.—When we bring 
together a number of substances which are capable of chemical re- 
action,—and thus constitute a chemical system, as we will call it,—a 
reaction occurs which will terminate after the lapse of a sufficient 
interval of time; then we say that the system reaches a state of 
chemical equilibrium. 

In general, the state of equilibrium is associated with definite 
conditions of temperature and pressure ; and a change in these latter 
values implies a change in the state of equilibrium. Moreover, it 
requires great precaution before one can regard a system as actually 
having arrived at a state of equilibrium. For the observation that no 
material change can be observed, even after the lapse of quite a long 
time, is by no means always sufficient. 

Thus, as many observations have shown, a mixture of hydrogen 
and oxygen may be preserved for years in sealed glass bulbs, without 
the formation of a noticeable amount of water. Yet, in spite of this, 
the two gases are by no means in equilibrium ; in fact, we have every 
ground for the assumption that at ordinary temperatures, the reaction 
goes on spontaneously, but far too slowly to be recognised in such a 
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lapse of time as is practically feasible; that the actual equilibrium 
would be reached after a practically, but not entirely, complete union 
of the gases to form water; and that the time required for the com- 
pletion of this equilibrium, at ordinary temperatures, would be 
enormously long. 


Reversible Reactions.—In what follows, we shall use the general 
equation 
Dea tyAs tua =n, A, +n, Ay’ + 


to denote that n, molecules of the chemically simple substance 


_A,, and n, molecules of the substance A,, etc., react to form n,’ mole- 


cules of the substance A,’, and n,’ molecules of the substance’ A’, ete. 
The substances A,, A,..., A,’ A,, .. .; may be present in any 
number and quantity, and may exist in any of the states of aggrega- 
tion. We say that the substances present, in certain proportions, in 
reference to the preceding reaction are in chemical equilibrium when 
they can remain together for an indefinitely long time in these same 
proportions, without the occurrence of a decomposition, in the sense of 
the preceding equation, either in one direction or the other. 

We call a reaction which progresses in the sense of the preceding 
scheme, reversible when, in the sense of the reaction equation, it goes 
on from left to right, with any arbitrary excess of some (not all) of the 
reaction products A,’, A,’, etc., if we start out with any arbitrary 
quantity of the substances A,, A,, etc.; and also if the reaction 
occurs spontaneously, in the opposite sense, with some arbitrary 
excess of the reaction products A,, A,, etc., if we start out with 
arbitrary quantities of A,’, A,’. etc.; so the final state of equilibrium 
reached will be the same in both cases if we start out with equivalent 
quantities. 

An excellent illustration of a reversible reaction is the production 
of an ester, which takes place according to the equation 


C,H;OH + CH,CO,H oe. CH,.CO,C,H; + H,O 
Alcohol Acetic acid Ethyl acetate Water 
One molecule of alcohol and one molecule of acetic acid react to 


form one molecule of the ester (ethyl acetate in this case) and one 
molecule of water, or the reverse. If we bring together alcohol and 


acetic acid, a reaction occurs, in the sense of the equation from left to 


right. On the other hand, if we mix a molecule of the ester with a 
molecule of water, a reaction occurs in the sense of the equation from 
right to ieft. In neither case are all the reacting components used up, 
but the reaction stops when such a condition of equilibrium is established 
as shall allow some of all four of the reacting components to exist 
beside each other. 

If we start out with equivalent quantities, 7c. with those pro- 
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portions which are convertible into each other, in the sense of the 
reaction equation, then in both cases we arrive at the same [final] 
condition of equilibrium. Thus, to select the simplest case, if we mix 
1 g.-mol. of alcohol (46 g.) with 1 g.-mol. of acetic acid (60 g.); or if 
we mix 1 g.-mol. of ethyl acetate (88 g.) with 1 g.-mol. of water (18 g.) ; 
then in both cases, as shown by experience, the final composition of 
the reaction mixture is 


2 mol. alcohol + 4 mol. acetic acid + 2 mol. ester + 3 mol. water. 


We call a chemical system homogeneous when it has the same 
physical and chemical nature at every point ; and when this is not the 
case, we call it heterogeneous. Thus a system consisting of a gas mixture 
or of a solution, e.g. we call homogeneous ; but if solid substances are 
also present, or if the liquid is separated into different layers, then the 
system is heterogeneous. 

The opinion was formerly entertained that “reversible actions ” 
were exceptional; or, at least, that reactions should be divided 
into two classes, the reversible and the non-reversible. But such a 
sharp distinction as this does not exist; and, moreover, there can be 
no doubt that by suitable adjustment of the conditions of the experi- 
ment, it would be possible to make a reaction take place, now in one 
direction, now in the opposite—that is, in principle every action is 
reversible, 

If in the following considerations we limit ourselves expressly 
to reversible reactions, then we place a restriction upon ourselves 
only in so far that we assume that the conditions for the reversibility 
of the reaction in question have been already found, Thus, if one 
reaction is complete, from a practical standpoint, as eg. the union of 
oxygen and hydrogen to form water, we are not justified, on this basis, 
in laying down an essential distinction between this and the formation 
of an ester, where the equivalent proportions of the acid and alcohol 
react only to 2 of the possible extent. The distinction is only a 
quantitative one ; for hydrogen and oxygen, even in equivalent pro- 
portions, are surely unable to unite with each other in absolute 
completeness ; but here also the reaction doubtless comes to a pause 
before the possible limit of the change is reached, although the quantity 
of the two gases which remain uncombined in equilibrium with each 
other at ordinary temperatures is too insignificant to be detected. 

We will first develop the law of mass-action for reversible reactions 
which take place in a homogeneous system; then there will be no diffi- 
culty in developing it later for heterogeneous systems. 

According to the usage of van’t Hoff, we will introduce into the 
reaction equation, in place of the sign of equality, two parallel arrows 
pointing in opposite directions, thus (ry), to denote that we are 
dealing with a reversible reaction. 

The law of mass-action will instruct us, not only about the 
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variation of equilibrium in a chemical system, with the relative pro- 
portions of the reacting components, but also concerning the velocity 
with which this equilibrium is attained. It is the fundamental law of 
chemical statics as well as of chemical kinetics. 

On the other hand, the law of mass-action has nothing to say 
regarding the influence of temperature ; the law which deals with this 
will be discussed in Book IV. (Transformation of Energy). 


The Kinetic Development of the Law of Mass-Action.— 
We will assume that the molecular species A,, A, ... A,’, A... . 
have been brought together in a homogeneous system, and react on each 
other, according to the scheme 


Craig eee Al’ + A,’ + 
If we compare this with the general equation on p. 441, we shall notice 
that here we have the simple case that n,,n,... n,,My .. . are 


all equal to 1, ze. only one molecule of each substance takes part in the 


reaction. ; 


The reacting substances may be either gaseous, or may form a liquid 
mixture, or finally may be dissolved in any selected solvent. The 
following considerations on the course of the reaction apply to each 
case. 

In order that a decomposition may occur in the direction from left 
to right, in the sense of the reaction equation, it is obviously necessary 
that the molecules A;, A,. . . shall collectively collide at one point ; for 
otherwise a reaction would be impossible, because side reactions must 
be at first excluded. Such a collision as this need not of course lead 
at once to a rearrangement of the atoms in those molecules, as the 
preceding reaction requires. Rather must this collision take place at 
a time when the atoms in each molecule are in the requisite state 
of loose union which must necessarily precede the rearrangement. 


_ The result is, that of a large number of collisions, there will be only 


a definite percentage (always the same under identical external con- 
ditions), which will cause a rearrangement from left to right in the 
sense of the equation. But this rearrangement will be greater the 
more frequent the collisions; and therefore a direct ratio must exist 
between these two magnitudes. Now the number of these collisions must 


obviously be proportional to each of the concentrations of the bodies 


A, A... ., .¢. collectively it must be proportional to the product of 
these concentrations. Therefore the velocity v of the change from left 


_ to right, in the sense of the reaction equation, is 


WoC Gy a cen |e 
where c¢,, c, . . . denote respectively the spatial concentration, «e. 
the number of g.-mol. of the substances A,, A, . . . contained ina 


litre, and where k is a constant for the given temperature, and may 


be called the velocity coefficient. 


. 
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Exactly the same considerations apply to the molecules A,, 
A, .. .; here also the rate of change from right to left, in the sense 
of the reaction equation, will increase with the number of collisions of 
all these molecules at one point; and the latter, again, will be propor- 
tional to the product of their spatial concentrations. If we denote the 
corresponding proportional factor [velocity coefficient] by k’, then the 
velocity v’, with which the change occurs from right to left, in the 
sense of the reaction equation, will be 


where again ¢,’, c, . . . denote the number of g.-mol. of each of the 
substances A,’, A,’ respectively, contained in 1 litre. 

These spatial concentrations are commonly called the active masses 
of the reacting components. The reaction velocity in the sense of the 
reaction equation, from left to right, or the reverse, is thus proportional 
to the product of the active masses of the components on the left side, 
or on the right side, respectively. 

We cannot observe either v or v’ alone. The tracing out of the 
course of a reaction by measurement gives us always the difference 
between these values. For the total reaction velocity, which is actually 
observed, is made up of the difference between the two partial reaction 
velocities noted above ; because the change actually observed, at every 
‘moment of time, is equal to the change in one direction, minus the 
change in the opposite direction, during this moment of time. 

Therefore, when the condition of equilibrium has been reached, we 
are not to conclude that no further change takes place ; but we should 
rather assume merely that the change, in the sense of the reaction 
equation, from left to right, is exactly compensated by the change, in 
the sense of the reaction equation, from right to left ; and, therefore, 
the total change observed is equal to zero, ze. the system is in 
equilibrium. Hence we have the relation 


V4 
v-v=0, 
and, therefore, 
/ / tf 
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which is the fundamental law of chemical statics. 

The view that, at equilibrium, there is no absolute indifference 
between the reacting substances, but rather that the reacting 
ingredients persist unchanged in their mutual action, and that only 
the total [apparent] change becomes zero, is of fundamental importance 
for our conception of changes of matter. It is ordinarily expressed 
by the statement that in this and in all analogous cases the equilibrium 
is not a static but a dynamic one. 

This view was derived as an immediate conclusion from the 
kinetic-molecular mode of explanation, and it has been employed with 
especial success in the development of the kinetic gas theory. 


—_ 
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Thus the equilibrium between water and water vapour, according 
to Clausius, is not to be conceived of as though there occurred neither 
the evaporation of liquid water nor the condensation of gaseous water 
vapour ; but rather, when saturated water vapour is in contact with 
water, both of these processes continue uninterruptedly in equilibrium, 
i.é. through a definite area of the surface of the liquid water, in any 
interval of time, there are the same number of molecules going in the 
__ one direction as in the other (see also p. 213). 
d This view was first applied to chemical changes by Williamson 
(1851), and later was more fully developed by Guldberg and Waage, 
Pfaundler, and others. 

The progress of the reaction, i.e. the velocity with which the 
chemical change strives to reach the condition of equilibrium at any 


} ‘ : : é 
moment, is expressed by the following equation, viz. 
4 Neem VY =e... ...—ke,o,’ 

. 

(3 This is the fundamental law of chemical kinetics. 


The formula for the equilibrium is, of course, only a special case 

‘of those already developed; it is obtained by making the total 

velocity equal to zero; in the same way, in analytical mechanics, 

from a specialisation of the general equations of motion, one obtains 
' at once the conditions of equilibrium. 

e There is no difficulty in generalising the preceding equations, for 

b the reaction which shall occur, according to the scheme, 


Page tA =n, AL +n, Ay + 


Lo 


"9. 


' where n,,n,.. . n,n, denote the number of molecules with which 
' each particular substance takes part in the reaction; these numbers 
- @, 2, . . . n,, n,') are necessarily whole numbers, and, asa rule, they 
_ are small, rarely being larger than three. 
Here also we must put v and v’ proportional to the number of 
~ collisions of all the kinds of molecules necessary to the reaction ; we 
- must remember however that Dy molecules A,, n, molecules A,, and 
so on, must collide simultaneously in order that the reaction Lae ‘take 
_ place from left to right, and similarly n,’ molecules A,’, n,’ molecules 
_ A,’, and so on, in order that the reverse reaction may be possible. 
If we consider the path of a single molecule arbitrarily chosen for 

\ a fixed time, the number of its collisions with other similar molecules 
will be proportional to c, the concentration of the kind of molecule in 
|! question ; the number of collisions between two similar molecules of a 
given kind during the same time is therefore c-times as many, that is, 
the number of collisions between two similar molecules is proportional 
to the square of the concentration c, and in general it follows that the 
_ number of collisions between n similar molecules of one kind must be 
- considered proportional to ce. 
The number of collisions of n, molecules A,, n, molecules A,, is 


pe 


1 
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therefore proportional to ce," . . ., and for the velocity of reaction 
which is proportional to that number we have 


vekeme..., 
and similarly the velocity of the reverse reaction is 
ee see et. OG 
the total velocity of reaction being again the difference between the 
partial velocities 
Vey = Vie ke, Mee as) ke, 8c, eee 

a formula which represents the most. general application of the law of 
mass-action of homogeneous systems. If V is equal to 0, the formula 

OR ee he Srey Wh 
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for the state of equilibrium is arrived at. K is called the “equilibrium 
constant.” 
It should be emphasised that the kinetic proof,+ given above, 


of the law of chemical mass-action, can lay no claim to be in the” 


rank of the laws which are proven with universal completeness ; but 
it can only be considered as a means of making this law appear 
probable. Thermodynamics, in the last book, will furnish us a stricter 
theoretical proof ; this will find its demonstration in an abundance of 
facts, part of which are unintelligible without it, and part of which 
were furnished by means of the universal laws [of thermodynamics]. 


The History of the Law of Mass-Action—tThe first theory 
of the action of chemical forces is that which was developed by the 
Swedish chemist, Bergman, in the year 1775. The essential principle 
of this may be stated in the following law, viz. :— 

The magnitude of chemical affinity may he expressed by a definite 
number ; if the affinity of the substance A is greater for the substance 
B than for the substance ©, then the latter (C) will be completely expelled 
by B from its compound with A, in the sense of the equation 


AC+B=AB+C. 


This theory fails entirely to take account of the influence of the 
relate masses of the reacting substances; and had therefore to be 
given up as soon as this influence was recognised. 

An attempt to consider this factor was made by Berthollet (1801), 
who introduced into the science the conception of chemical equilibrium. 
The views of this French chemist may be summed up in the following 
law :— 

Different substances have different affinities for each other ; these exhibit 
their value only when they are in immediate contact with each other. The 


1 A more stringent proof will be found in Boltzmann, Wied. Ann. 22. 68 (1884). 
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condition of equilibrium depends not only upon the chemical affinity, but also 

essentially upon the relative masses of the reacting substances. 

The genuine kernel of Berthollet’s idea is to-day the guiding 
principle of the doctrine of affinity. This holds good, especially for the 
conception regarding many reactions which, in the sense of Bergman’s 
notion, proceed to a completion, 7.¢. until the reacting substances are 
| all used up; but only for this reason, viz., that one or more of the 
' products of the reaction either crystallise out or evaporate off from 
the reaction mixture, and hence the inverse reaction becomes impossible. 

Two Norwegian investigators, Guldberg and Waage, clinging to 
Berthollet’s idea, succeeded in formulating the influence of the reacting 
masses in a simple law, viz. the law of chemical mass-action given 
above. ‘The results of their theoretical and experimental studies were 
given in a book? which appeared at Christiania in 1867, and which 
was entitled Htudes sur les affinités chimiques. A new epoch of theo- 
retical chemistry dates from the appearance of this book. 

' Already, before this, formule to describe the progress of certain 
chemical reactions, which must be regarded as applications of the 
law of mass-action, had been described by Wilhelmy (1850) and by 
Harcourt and Esson (1856). The service of Guldberg and Waage is 
still undiminished, since they grasped the law in its full significance 

and applied it logically in all directions. 

The treatise of the two Scandinavian investigators remained quite 

- unknown; and so it happened that Jellet (1873), and van’t Hoff 

_ (1877), and others independently developed the same law. 

The thermodynamic basis of the law of mass-action is due to 

* Horstmann, Gibbs, and van’t Hoff; it will be dealt with more closely 

in Book IV. 


__ + Given in abstract, Jour. prakt. Chem. [2], 19. 69 (1879). Translated into German 
“te notes by Abegg, Ostwald’s Klassiker, No. 104. 
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CHAPTER II 
CHEMICAL STATICS—HOMOGENEOUS SYSTEMS 


Equilibrium between Gases.—Corresponding to the different states 
of aggregation, the particular system considered as being in equilibrium, 
which must be both physically and chemically homogeneous in all 
its parts, may be either gaseous, liquid, or solid. In accordance with 
the old fundamental law: corpora non agunt nisi fluida, the last species 
of homogeneous systems [7.¢. the solids], in particular would be excluded 
from the foregoing consideration. But some facts, though they are 
but few, lead us not exactly to a repudiation of this law, but rather to 
limit its universal availability. Thus, for the sake of completeness, 
a short notice, at all events, must be given to the equilibrium, which is 
exhibited by homogeneous mixtures existing in the solid state. 

The conception of “active-mass” has for gaseous systems a very 
simple and obvious meaning. By the “active-mass” of a substance 
(a molecular species), we mean the number of mols which are 
present in 1 litre. But now the partial pressure under which a gas 
stands in a gas mixture corresponds simply to this value; because, 
according to Avogadro’s law, the pressure of a gas depends only upon 
the number of molecules which it contains in unit volume. Thus in 
the equaticn on p. 446, instead of the concentrations, we may intro- 
duce the respective partial pressures of the different molecular species, 
as they participate in the reaction. 

Thus, if a reaction occurs in a gaseous system, in the sense of the 
equation, 


—> 
CR DEETS. 
and if the partial pressures of the molecular species A,, A, ete., are 
respectively Pp Py ete. and for the molecular species A,’, A,’, ete, 
Py, Po» ete., then the following relation holds good for the condition 
of equilibrium’: 
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The Formation of Hydrogen Iodide.—The preceding formula _ 
448 q 
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will be first applied to the formation of hydrogen iodide from hydrogen 
and iodine vapour ; it occurs in the sense of the equation 


H, + I, = 2H. 


: This equation was first investigated by Hautefeuille,' but after- 
. wards, and very thoroughly, by Lemoine.? The latter allowed a 
weighed quantity of iodine to act upon a measured volume of hydrogen 
in a sealed bulb. After equilibrium had been reached, the contents 
of the bulb were introduced into a eudiometer, and the residual 
hydrogen was measured, while the hydrogen iodide which had been 
produced was absorbed by the water. At ordinary temperatures, the 
reaction progresses so very slowly that the two substances seem 
absolutely indifferent towards each other; and they can, accordingly, 
be separated from each other (e.g. by absorption, as in Lemoine’s work) 
without any marked displacement of equilibrium taking place during 
the separation. 

But with rise of temperature—and this is quite a universal phenomenon 
—the velocity of the reaction increases enormously. At 265° (oil- 
bath) the time required to bring about the state of equilibrium was 
counted in months ; at 350° (boiling mercury) in days ; at 440° (boiling 
sulphur) in hours. 

Moreover, with increasing pressure the velocity of the reaction 
_ inereased, which is in perfect harmony with kinetic considerations. 

i Special researches proved that the final condition of equilibrium 
_ reached was the same, whether one started with a mixture of hydrogen 
_and iodine vapour, or with the corresponding quantities of hydrogen 
- iodide with an excess of one of the reaction products ; thus the final 
_ condition could be reached either by a change from left to right, in 
the sense of the reaction equation, or in the inverse direction. 

If we denote the partial pressure of the hydrogen iodide by p, and 
_ that of the hydrogen and of the iodine respectively by p, and by p,, 
then at equilibrium we have 


\ 
h 


The total pressure of the gas mixture, according to Dalton’s law, 
is of course 
P=p+p, + Po 
We will first investigate the way in which the condition of 
equilibrium changes with the eaternal pressure. If we compress the 
- reaction mixture to.the nth part, then the particular partial pressures 
_ will rise to n-fold their [original] value. But now we have 


MP.MPy _ PiP2_ x 


n2p? ny ’ 
te. the new pressure values meet the requirements of the equilibrium 
- 1 GR. 6A, 608 (1867). 2 Ann. chim. phys. [5], 12, 145 (1877). 
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formula, and therefore there is no change in the relative quantities 
resulting from changes in the pressure. 

Thus the condition of equilibrium is independent of the external pressure. 
This result is general if there is no change in the number of molecules 
caused by the reuction. 

Lemoine found for the values of the total pressure P, as given 
below, the following corresponding values of the decomposition co- 
efficient x (i.e. the quantity of the free hydrogen divided by the 
quantity of the total hydrogen). In all of these researches the 
glass bulb was filled at first with hydrogen iodide. 


~ 
“ 


The above numbers hardly bring out the influence of pressure on 
the degree of decomposition of hydriodic acid, as the numbers show 
irregular variations. Similarly, the reduction of the other researches 
of Lemoine (see p. 350 of the first edition of this book) leaves no 
doubt that the results are affected by some source of error. 

In fact, M. Bodenstein,! who repeated the investigations of 
Lemoine, found that the glass walls absorb considerable quantities of 
hydriodic acid, and that consequently less of this gas takes part in 
the equilibrium than was calculated in Lemoine’s experimental arrange- 
ment from the amount of free hydrogen; Bodenstein, however, in 
arriving at the equilibrium, determined besides the volume of free 
hydrogen, the quantities of free iodine and free hydriodie acid 
separately by titration; he was thus able to prove exactly that the 
decomposition of hydriodic acid\is independent of the pressure, 
and to arrive at a precise application of the law of mass action of 
this case. 

If we express, as above, the degree of decomposition of the pure 
hydriodic acid by x, we have 


p= P(1 —x), Pi=Pe= 5% 
and therefore “ 
x : P 
Cras Au Ae Be 
If in a given volume a mols of iodine and b mols of hydrogen 
react, and 2y is the number of mols of hydriodic acid formed, there 
1 Zeitschr. phys. Chem. 22. 1 (1897). 
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remains a—y mols of free iodine, and b— y mols of free hydrogen, so 
that 


ip 2y _pt-y +h bs Y 
“eas fee 5p Ps ae 
and consequently, Gayo =y)>_ K’ 


and this solved for y gives? 


_ ath vi (a+b)? ab 
7 Oo = 4K4 4(1—4K’? 1-4” 

The following tables show the good agreement between calculation 
and observation ; a and b here stand for the number of cubic centi- 
metres of gaseous iodine and hydrogen, reduced to 0° and 760 mm. 
_ pressure, that were contained in the glass bulb of about 13 cubic 
centimetres volume; y is the amount of hydriodic acid formed 
expressed in the same manner. The quantities directly determined as 
mentioned above were a — y, b — y, and y. 


HEATED IN SULPHUR Vapour: x=0:2198, K’=0:01984 


2y. 
a. iy Difference. 
Obs. Cal. 

2°94 8°10 5°64 5°66 +0°02 
5°30 7°94 9°49 9°52 +0°03 
9°27 8°07 13°47 13°34 -—0:13 
_ 14°44 8°12 14°93 14°82 -—O'1l 
27°53 8°02 15°54 15°40 —0°14 
33°10 7°89 15°40 15°12 — 0°28 


Huatep In Mercury Varour: x=0'1946, K’=0:01494 


2y. 
a. b. | Difference. 
Obs. Cal, 
2°59 6°63 4°98 5°02 +0°04 
asaygal 5°22 Oe: sae 9°60 +0°05 
x 10°40 6°41 11°88 11°68 — 0°20 
: 26°22 .. 6°41 42°54 12°34 — 0°20 
23°81 } 6°21 Oly 11°98 —0°19 
22°29 6°51 12°71 12°68 — 0°03 


1 Im solving quadratic equations there can be no doubt as to whether to give the 
positive or negative sign to the root ; only one solution gives a physically possible result. 
x. the above case, for example, the positive sign would yield for y values higher than a 
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The above tables certainly give the most exact confirmation of the 
law of mass-action for homogeneous gaseous systems that has so far 
been arrived at. 


The Dissociation Phenomena of Gases.—A class of reactions 
which deserves especial consideration, because of the simplicity and the 
frequency of their occurrence, is found in the so-called phenomena of 
dissociation. These are distinguished by the fact that, in the general 
equation of reaction, the substances standing on one side are reduced 
to a single molecule, and the change proceeds according to the 
scheme 

A =n, A, +n, A,’ + 


here A is the [original] molecular species advancing to the state of dis- 


steps 


sociation, and A,, A,’ . . . are the [corresponding] dissociation 
products. If p denotes the partial pressure of the former, and 
P;,Po - ++ those of the latter respectively, then, according to what. 
has preceded, the relation for the condition of equilibrium is 
Py Ppt ss ee 
We 


K’ is called the dissociation constant. 

The number of molecules in the system grows with increasing 
dissociation. Inasmuch as we have an easy and exact method of 
learning this [7.c. the relative number of molecules], by means of the 
vapour density determination, there is, therefore, no difficulty here in 
investigating the condition of equilibrium. 

' For a simple case, we will consider a gas which dissociates into two 
new molecules, which may be identical, as in the dissociation of 
nitrogen dioxide, 


N,O, => NO, + NO,; 


or different, as in the case of the dissociation of phosphorus pentachloride 
into chlorine and phosphorus trichloride, 


PCL, PCL, + CL, 


Let. 8 be the density of the undecomposed gas, as calculated from 
its molecular weight ; at complete dissociation the number of molecules 
will be doubled, and the vapour density therefore will amount to 6/2. 
Now, according to p. 349, 


A 


The total pressure P, at which A is measured, is made up of 
the pressures of the undecomposed molecules, and of the products 
of dissociation ; if we denote the former by p, and the latter by p’, 
then, according to Dalton’s law, we shall have 


Lta=s, and Bee i 


P=p+ ps 
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Now, since the ratio of the number of the undecomposed molecules 
to the number of the dissociated ones is as 1 —« to 2a, therefore we 


obtain 
1) tn A 
Se ge,c p[ 2-1] 


-e[)-4] 


Now the law of mass-action gives us the relation 
p?= = K>, 
where K’ denotes the constant of dissociation ; then by the substitution 


of the expressions obtained for the partial pressures, we obtain as the 
equation of the zsotherm of dissociation 


aS =AEP 
[2A — 8]8 — K . . . . ( 1 ) 
from which we obtain 
Hee Ke Sesp 
A=6+ 53 2 1 est w 4 P - (2) 
(es K’ e 
: es 


that i is, the vapour density of a gas existing in a state of dissociation 
. (at constant temperature) changes with the pressure ; at very small 
"pressures, it converges towards the lower limit of the vapour density ; 
at very high pressures, it converges towards the upper limit of the 
pour density. 


_ The Dissociation of Nitrogen Dioxide.—The vapour density 
“nitrogen dioxide has been measured by E. and L. Natanson,’ and has 
so been calculated according to the preceding formula. Although 
vere are small deviations between the vapour densities required by 
the theory and those found experimentally, yet on the whole the 
ults are to be regarded as a satisfactory verification of the theory. 
; et is shown in the following table :— 


(AO ees 
P Ke y 
1a Wie A Obs. A Calc. y: 

0: aa tn ae fe 1°590 1:000 
He26"S0\.,, 106 1:663 1:670 0930 
Me eOS775. ., 112 1°788 1°783 0°789 
182°69 ,, 124 1°894 1:906 0690 
261°37 ,, 130 1:963 1984 0°630 
497°75,, _ 121 27144 We eons 0°493 


1 Wied. Ann. 24, 454 (1885) ; 2'7. 606 (1886). 
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At a temperature of 49°7° and a pressure 497°75 mm., of 1000 
molecules of N,O,, 493, i.e. about one-half, are dissociated. At the 
same pressure, but with increasing temperature, the dissociated frac- 
tion becomes greater, a phenomenon observed almost invariably in 
gaseous dissociation. The dissociation constant K increases with the — 
temperature. 

The quantity K” in the second column of the above table is derived 
from the former equation (1) 

9 F 
gr K'3_(0- ay 
4 2A-8 
and should be constant according to theory; it shows large but 
irregular variations due to small errors of observations, especially when 


A is not very different from 6 or If we take the mean 


K’=119 x 4=476 
and recalculate A from equation (2) of the previous section, we arrive 
at the fourth column. The agreement with the observed values of 
the vapour density is within the error of observation, and shows that 
the conclusions of the theory are thoroughly satisfied. 

As already referred to on p. 350, the colour of nitrogen dioxide 
increases with increasing dissociation, because the molecules of NO, are 
reddish-brown, while those of N,O, are colourless. 

At about 500° the gas begins to decolourise again in consequence of 
a decomposition into oxygen and nitric oxide, thus 

2NO, = 2NO + O,,. 
The following vapour densities were measured by Richardson,! by the 
methods of Dumas and of others :— 


Temp. Pressure. A. y- 
130° 718°5 1600 a06 
184° 754°6 1551 0°050 
279° 737°2 1498 0130 
494° 742°5 1°240 0°565 
620° 760°0 1060 1-000 


At 620°, under ordinary pressure, the decomposition is complete. 
The fraction a of the decomposed molecules may here be calculated 
from the equation 
1:590-A 

ies 


The Influence of Indifferent Gases.—Experience has shown in 
a large number of cases that the condition of dissociation of w gas is not 


1 Journ. Chem. Soc. 51. 397 (1887). 


a=2 


i 
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changed when another indifferent kind of gas (i.e. a gas which does not 
react chemically) is introduced at constant volume. This is seen to be in 
perfect harmony with the equation of the isotherm of dissociation, if 
one considers that, according to Dalton’s law, the presence of a foreign 
kind of gas does not influence the partial pressures of the reacting 
ingredients. 

This law is, moreover, one of extraordinary importance, and one 
which throws much light on the general view. Later it will be 
thoroughly proved from thermodynamic principles. 

Of course it is entirely a different case when the mixing with the 
indifferent gas is attended with an increase of volume, the latter acting 
then as a diluting agent. Then the dissociation increases with the 
increase of volume, independently of the nature of the kind of gas 
which is added. If one studies a gas which exists in a state of dis- 
sociation by the method of the displacement of air (p. 251), the 
dissociation is found to increase the more the evaporating substance is 
diluted with the indifferent gas; and, therefore, results are obtained 
which depend upon the mutual diffusion, é.¢. the values of the vapour 
densities are very irregular. It is erroneous and misleading to speak 
of the “dissociating influence” of other gases. 


The Influence of an Excess of the Dissociation Products.— 
The theory allows us to anticipate the influence of the addition of one 
of the dissociation products. Thus, for example, let a gas, which 
gives rise to two different kinds of molecules on decomposition, be 
brought into equilibrium with its dissociation products ; and between 
the partial pressure p of the undissociated molecules, and that of the 
dissociation products, which may be p’ for both, let there exist the 
relation 

pr] Kp. 
Now, let an amount of one of the dissociation products corresponding 
to a partial pressure of p, be added in excess, and let the increase 
which p experiences be z. Then the partial pressure of the other 
decomposition product will sink to (p’—7), and the total pressure of 
the first decomposition product will amount to py + p-z. The 
calculation of 7 is obtained by the law of mass-action, from the 
equation 
(p' -—7)(p) + Pp — 7) = K(p + 7). 

By comparing this equation with the preceding formula, it will be 
found that + must always have a positive value. That is, admiature 
of one of the decomposition products, at constant volume, tends to diminish 


_ the degree of dissociation. This is a very important phenomenon. We 


shall make repeated application of this rule. 
Moreover, research verifies this conclusion. The dissociation of 
phosphorus pentachloride diminishes when phosphorus trichloride is 
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added in excess! The determination of the vapour density of 
ammonium chloride by the method of the displacement of air, gives 
higher values when ammonia or hydrochloric is used as the packing 
gas? [instead of air or some indifferent gas]. We will consider later 
several ways in which this law is indirectly verified. 

If the admixture of the dissociation product occurs with increase 
of volume, then it also acts as a diluting agent, and hence it occasions 
an increase of dissociation. Therefore, according to the special condi- 
tions, on the whole, there may result an increase or a decrease of the 
dissociation. Thus, ¢.g. if any selected volume of gaseous phosphorus 
pentachloride is mixed with another selected volume of chlorine, or of 
phosphorus trichloride, so that the resulting mixture occupies a volume 
which is equal to the sum of two volumes, then, as can be easily 
shown, the condition of dissociation remaims unchanged, if the pressure of 
the added chlorine is exactly as great as its partial pressure in the penta- 
chloride. 


The Frequency of Dissociation Phenomena.—Dissociation 
phenomena are much more common than was formerly supposed to be 
the case; and no doubt can be entertained that, under suitable con- 
ditions of temperature and pressure, not only all chemical compounds, 
but also all poly-atomic molecules would be reduced to a state of 
decomposition more or less considerable. Thus, the diatomic molecule 
of iodine, at high temperature and low pressure, decomposes into its 
two atoms, and a similar thing would doubtless happen in the case of 
other diatomic gases, like oxygen, nitrogen, etc., although no such 
decomposition could be established at 1700°, and at atmospheric 
pressure.? 

Sulphur, the vapour density of which has been investigated by H. 
Biltz,* and Biltz and Preuner,° at temperatures varying from 468-606", 
behaves exceptionally ; the vapour density falls with decrease in the 
temperature and only gives values agreeing with the formula S, at 
high temperatures. This may apparently be explained by the 
assumption of molecules 8, formed by vaporisation of sulphur which 
partially decompose according to the equation 


SG) 22 28) 
and that the S, molecules simultaneously decompose according to the 
equation 

Bye ass 


therefore the sulphur vapour consists of three kinds of molecules S,,_ 
S, 5,, the last of which gains at the expense of the former on decrease 
1 Wiirtz, C.R. 76. 60 (1873). 

2 Neuberg, Ber. deutsch. chem. Ges. 24, 2543 (1891). 


°C. Langer and v. Meyer, Pyrochem. Unters., Brunswick (Braunschweig), 1885. 
4 Zeitschr. phys. Ch&h. 2. 920 (1888). > Ibid. BY, 328 (1902). 
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of pressure or increase of temperature. The equation of the dis- 
| sociation isotherm of sulphur vapour is consequently given by the 
formula 


Kyp,=Pp.", and K,p, = p,’, 


where p,, Ps, Pp; show the partial pressures of the three kinds of 
molecules, K, and K, the dissociation constant of the two reactions. 
Sulphur is accordingly an example of “dissociation in two stages.” The 
present author has found by means of the apparatus described on p. 
255 that at 1900-2000° the S, molecules are broken up into atoms to 
the extent of about 45°/ 

We shall return in ae fourth book to the further discussion of 
methods and results in the dissociation of, and chemical equilibrium in, 
gases. 


Equilibrium in Homogeneous Liquid Systems—Esterifica- 
tion.—The dependence of the equilibrium upon the relative quantities 
of the reacting substances is the same with liquid systems as with 
gaseous ones; only here we do not have to take account of the partial 
pressure, but rather of the concentration of the reacting substances ; 
and by this is meant the number of mols contained in 1 litre. 

The number of special cases which have been investigated here is 
very large. This is to be explained by the following reasons ; 
firstly, the study of the chemical equilibrium of a liquid system is 
_ much easier for the experimenter in many ways than the study of a 

gaseous system; and secondly, the decompositions which occur in 
_ liquid systems are very important, both in the usage of the laboratory, 
_ and also in the economy of nature. 
We begin with esterification, a reaction to which reference has 
_ already been made (p. 441); the thorough study of this by Berthelot 
- and Péan de St. Gilles! has had great influence in defining the con- 
_ ception of chemical equilibrium. 
4 If one mixes any organic acid, as acetic acid, with an alcohol, as 
_ ethyl alcohol, there is formed water, and also the corresponding ester ; 
' the latter results from the combination of the positive component 
_ of the alcohol with the negative component of the acid ; thus— 


CH,COOH + 0,H,OH = CH,COOC,H, + H,O 
Acetic acid Alcohol Ethyl acetate Water. 


' __—‘ This reaction, which is comparable with the neutralisation of an 
_ acid by a base, progresses very slowly at ordinary temperatures ; 
_ several days elapse before the state of equilibrium is approximately 
- established, and the reaction comes to a standstill. If this liquid 
. system is heated in a sealed glass tube to 150°, the state of 
bat eo etibeua | is reached after a few hours. The tier never advances 


1 Ann. chim. Wige. 65. and 66, (1862), and 68, (1863). 
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to a completion, z.e. until all of the [original] reacting substances are 
consumed, but each of the four reacting substances is present at 
equilibrium. ; 

It can be easily ascertained how far the reaction has proceeded 
at any moment, by titrating the acetic acid which is present, or 
which has been produced ; on account of the slowness of the reaction 
no marked displacement of the momentary condition need be feared 
during the operation (of titration). 

If equivalent quantities are allowed to react on each other, 1. 
if we start with 1 mol of acetic acid (60 g.) and 1 mol of alcohol (46 g.), 
or with 1 mol of methyl acetate (88 g.) and 1 mol of water (18 g.); 
then after the lapse of a sufficiently long time, there results a homo- 
geneous system, which has the composition, in both cases, of 


1 mol acetic acid + 4 mol alcohol + 2 mol water + # mol ester. 


This ratio of the relative quantities remained constant, even after 
a lapse of seventeen years. Moreover, this ratio changes very slightly 
with the temperature ; the reason for this will be given later, Book IV. 

Let v be the volume of the preceding reaction mixture, and let 
1 mol of acetic acid be mixed with m mols of alcohol, and n mols 
of water (or ester ; it is immaterial which, for the form of the equation). 
Then at equilibrium, if x denotes the number of mols of aleohol decom- 
posed (and of acetic acid also, of course), there exists the relation— 


me - ae =) yale ls ; 
Ve v? 


here k corresponds to the velocity with which the alcohol and the acid 
unite, and k’ the velocity with which the ester and the water unite 
with each other. The denominator common to both sides of the 
equation can be neglected. 

_ In the preceding special case, we hid m=1; n=0; and x=2; 


therefore k. 4k’ 
oer 
i.e. the constant of equilibrium becomes 
k 
ae 
R= 


By introducing this value into the general equation, and then 
solving it for x, we obtain as the quantity of ester formed— 


1 
x= 5 (40m +1)+n— /16(m?—m-+ 1) + 8n(m +1) +n). 
And this simplified for n = 0, becomes 


9 fd na 
x=5(m+1- Vm —m +1). 


} i: | 
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The equation is very satisfactorily verified by experiment, as was 
first shown by Guldberg and Waage, and later and very thoroughly 
by van’t Hoff.' Thus Berthelot and Péan de St. Gilles, allowing 1 
mol of acid to act upon m mols of alcohol, found that the following 
_ quantities of ester were formed, the latter being denoted by x :— 


m. x Obs. | x Cale. 
0°05 0:05 | 0-049 
0-18 0171 | 0-171 
0°33 0°293 | 0-311 
0°50 0°414 0°423 | 
[1:00 0°667 0°667] | 
2°00 0°858 0°845 
8:00 0°966 | 0°945 


Results which were fully as satisfactory were obtained by calculation 
for any particular quantities of water or ester. It is a very important 
and significant result of the law of mass-action, that such apparently 
- complicated ratios as were found by Berthelot and Péan de St. Gilles 
in their experimental researches, could be expressed in such simple 
formule. 

' -—~«~We *see,;, moreover, that by the action of a large quantity of 
_ acetic acid upon a little alcohol, or by the action of a large quantity of 
alcohol upon a little acid, the esterification is almost complete; and 

conversely, by the action of a large quantity of water upon a little 
ester, the latter is almost entirely decomposed. 

By properly choosing the mass-ratios, we can therefore make the 
eaction proceed as far as we like in one direction or the other. 


The Influence of the Nature of the Reacting Com- 
onents.—After it had been ascertained, as already shown, that the 
action of acids on alcohols could be expressed in mass and number, 
his question at once arose —how does the reaction -capacity depend 
pon the nature of the particular acid, and the particular alcohol used ? 
e are indebted to Menschutkin? for attacking this problem in a 
very extended research. He determined the limit of esterification, on 
bringing together equi-molecular quantities of the most various acids 
‘and alcolfols ; and at the same time he directed the research so as to 
determine, at least approximately, the velocity with which the limit- 
g state was reached. Of the numerous details of his research, we 
il merely state that in general— 

In homologous series, the relative quantities of ester produced 
increased with the molecular weight. 
In using the same acids, secondary alcohols afforded less ester than 


Bye A 1 Ber, Benitech. chem. Ges. 10. 669 (1877). 
2 Ann. chim. phys. [5], 20. 229 (1880) ; 23. 14 (1881) ; 30. 81 (1883). 
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primary alcohols, and tertiary alcohols less ester than secondary 
alcohols. 

There was no simple connection observable between the limit of 
esterification and the velocity with which this was reached. 


The Dissociation of Esters.—As Menschutkin observed in his 
researches, in using tertiary alcohols, the ester produced decomposes 
into an acid and a hydrocarbon. This reaction was investigated later 


by Konowalow,! who allowed acids to act upon amylene ; in this way — 


it appeared that the reaction concerned a dissociation phenomenon, 
which proceeded according to the scheme 
CH,COO(C,H,,) = CH,COOH + C,H,o. 

The reaction advances with marked velocity only in the presence 
of a sufficient quantity of free acid; the pure ester is stable, even at 
quite high temperatures ; and the addition of acid at once occasions 
dissociation which then advances to a definite limit. The same limit 
is reached when one starts with free amylene and free acid. 

Here we meet catalytic reactions for the first time, 7.e. cases where 


the presence of a certain substance will strongly accelerate the progress — 


of a reaction, which can also take place without it. As the law of 
mass-action was applicable to this, therefore the writer, together with 
Hohmann,” attempted to prove in a more extended way just how the 
simple relations which were anticipated were obtained. 
If 1 mol of acid is added to 1 mol of amylene, the law of mass- 
action requires that 
(a x)=) 


xV ye. 
where x denotes the ester produced, V the volume of the reaction 
mixture, and K the equilibrium constant. The figures in the follow- 
ing table were obtained by heating the amylene and trichlor-acetic 
acid in a sealed glass tube to 100° for a sufficiently long time (some 
hours, up to a day), and then determining the quantity of ester 
produced by the decrease in the acidity titration :— 


l. Ve | x Found. K. x Cale. 
2°15 361 0°762 000120 0-762 
4-12 595 0-814 0:00127 0821 
4°48 638 0°820 0:00126 0826 
6°63 894 0°838 000125 0844 
6°80 915 0:839 0:00126 0°845 
713 954 0°855 0:00112 0°846 
767 1018 0°855 0:00113 0848 
9:12 1190 0°857 000111 0°852 
9°51 1237 0°863 000111 0°853 

14°15 1787 0°873 0:00107 0°861 
| 


1 Zeitschr. phys. Chem. 1, 63 (1887); 2, 6 and 380 (1888). 
2 Tbid. 11, 352 (1893). 
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By making K = 0:001205, and then calculating x, by the help of 
this mean value, from the equation 


ae AG ey / 4a4 KV ta) 


we obtain the figures given in the last column, which coincide 
remarkably well with the results of observation. 

As is seen, the quantity of ester produced varies only inconsider- 
ably, whether 4 or 14 mol of amylene are added to 1 mol of acid. 
One might infer at first glance that the esterification could be carried 
as far as desired by a sufficient excess of amylene, just as an acid can 
be completely esterified by an excess of alcohol (p. 459). 

But this is not the case ; the esterification of amylene and an acid 
is different from that of an alcohol and an acid; for in the former 
case only one molecular species is formed, viz. the ester ; but in the 
latter case there are two, viz. the ester and the water. 

In the formula of equilibrium for the first reaction, the volume of 


the reaction mixture docs not disappear as it does in the second case, 


which thus shows a different behaviour. 

Theoretically one could add an infinite quantity of amylene to a 
limited quantity of acid, without occasioning the esterification of more 
than 88 per cent of the acid; but as a matter of fact, the acid is soon 
used up on account of the difficulty in purifying the amylene. 


Equilibrium in Solutions——When one of the pure substances 
in a homogeneous liquid mixture is present in great excess, we have 
a solution. The great importance which attaches to those reactions 
which occur in water solutions, both in nature—as in plant and 
animal organisms—and also in the analytical operations of the 
chemist, justifies a particular and thorough description of the state 
‘of equilibrium which is established between substances which are 
capable of mutual reaction when existing in solution. 

We will first consider those cases where the solvent is indifferent, 
i.e. where none of the molecular species which take part in the reaction 
are from that ingredient which is present in great excess, viz. the 


solvent. It will be shown later that actually the participation of the 


solvent in the reaction is immaterial for the form of the conditions of 


~ equilibrium. 


At first, great difficulty was found in getting an insight into the 
condition of equilibrium which prevails in a solution. The methods 


. _ which were applicable in studying the action of iodine on hydrogen, 
or of acetic acid on alcohol, and which depended upon the direct 
analytical determination of one of the molecular species taking part in 


the reaction, are usually out of the question here, because equilibrium 
is too quickly displaced by the removal of one of the reacting molecular 


species. 
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Thus, for example, if we wished to ascertain the state of equilibrium 
of such a reaction as the following,—taking place in water,— 


K,CO, + 2CH,COOH = 2@H,COOK + CO, + H,0; 


by removing the free CO, by a stream of air, and thus determining 
it analytically, we should obtain false results; because during this 
operation the condition of equilibrium would be displaced, in the 
sense of the equation, from left to right. 

We are therefore limited almost exclusively to physical methods 
of determination which, like the vapour-density determination in a 
gaseous system, can be performed without changing the composition 
of the reaction mixture. It is only recently that investigators have 
come into the possession of a method which is almost as universally 
applicable to solutions as the vapour density determination is to gas 
mixtures. Before this it was necessary to employ, according to the 
given case, certain physical properties of the solution, such as the 
power of optical rotation, the heat developed in preparing the solution, 
the refraction of light, the absorption of light, the colour, ete., in 
order to infer the composition of the solution; and this had to be 
preceded by an investigation of the dependence of the property in 
question upon the composition of the system as far as this was 
possible. 


The Distribution of Hydrochloric Acid between Alkaloids. 
—As an example of such an investigation, which was conducted with 
great skill and which led to significant theoretical developments, we 
will discuss the results of a paper communicated by J. H. Jellet! on 
the distribution of hydrochloric acid between alkaloids in aleoholic 
solution. It appears that Jellet made use of the correct formulation 
and application of the law of mass-action in this investigation ; and 
although this was subsequent to the work of Guldberg and Waage, 
yet it was done independently. 

The question which Jellet proposed to solve was this, viz—Such 
alkaloids as quinine and codeine, combine in alcoholic solution with 
1 mol of hydrochloric acid. What will be the distribution of acid 
when two alkaloids are present in the solution, but when the total 
acid present is not sufficient to saturate the total quantity of 
alkaloids ? 

The physical property which was employed in ascertaining the 
molecular condition of the reacting substances when in equilibrium, 
was the optical rotatory power of their solutions. This, for quinine 
dissolved in alcohol, was 2°97, for codeine, 2°63. By the addition of 
equi-molecular quantities of hydrochloric acid these values increased 
1344 fold and 1-909 fold respectively. 

Moreover, since these substances do not mutually influence each 


1 Trans. Irish Acad. 25, 371 (1875), Ostwald’s Klassiker, No. 163. 
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other’s rotatory power, when in the same solution, except when they 
react chemically on each other at the same time, it is possible to draw 
conclusions regarding the mutual action of the dissolved substances 
from the rotatory power of the solution. 

\ Thus in a definite volume v of the solution, let n mols of HCl be 
_ added to a, mols of quinine (Ch), and a, mols of codeine (Cod). Then 
when there are produced x mol. of quinine hydrochloride (ChHCl), 
and accordingly n—x mol. of codeine hydrochloride, the observed 
rotation a of the plane of polarisation of light will be— 

a. = (a, — X)Den + (a — [n — x])Dooa + XDonom + (2 ~ X)Deoacm. 

_ The values of D here denote respectively the molecular rotatory power 
_ for the compound annexed as the sub-index. By means of this 
equation, the values of x may be expressed in only those terms which 


can be directly measured. 
The observations gave the following results :-— 


ay. ap. n. X. psa x)x 
(a, — x)(n — x) 
} 
100 104 70°7 42°7 1°91 
100 104 91°9 } 55 2°08 
100 104 V4 66 2°10 
100 104 180°3 73 2°02 
| | 
| | Mean 2°03 


From the reaction equation, 


Ch + CodHCl = ChHCl + Cod, 
‘ : we obtain the formula of equilibrium— 
x _ (to [n =x) 
(a, — x)(n — x) 
since the active masses of the four molecular species participating in 
_ the reaction are respectively — 
ey ong E ees 
v Vv 
Ch Cod HC] ChH@l Cod 


The volume v.of the solution cancels out, 2.¢. the condition of 
e equilibrium does not change when the volume of the solution is 

largely increased by the addition of the solvent, alcohol. And, in 
fact, in all the mixtures observed above, the rotation angle was pro- 
_ portional to the concentration, and this could not have happened 
- unless the condition of equilibrium remained unchanged with the 
dilution. 


~ (n-x) 


“a { 
464 THEORETICAL CHEMISTRY BOOK IIL 


The coefficient of equilibrium K was calculated as in the last 
column, and showed itself to be a constant as far as was possible with 
the errors of observation, which were not inconsiderable. 

In the same way, Jellet studied the distribution of hydrochloric 
acid between codeine and brucine; the rotatory power of the latter is 
1°66, and it increases 1'291 fold by neutralisation with HCl. He also 
studied the distribution of HCl between brucine [Bru] and quinine. 
The following constants of equilibrium were found for these various 
reactions :— 


Kk 
Ch +CodHCl=ChHCl +Cod : ; 2 E08 
Cod + BruHCl=CodHCl-+ Bru : 5 ; i358 
Bru+ChHCl =BruHCl+Ch ; ; 2 20732 


From the theory we can develop a characteristic relation which must 
exist between the three constants of equilibrium, and which leads at the 
same time to a deeper insight into the mechanism of the preceding reaction 
and also of related reactions. The hydrochloric acid is almost, but not quite 
entirely, combined with the alkaloids, a very slight quantity remaining free. 
This amounts to the statement that the alkaloidal hydrochlorides are 
dissociated, at least in traces, into free alkaloid and hydrochloric acid. 

If K, denotes the dissociation constant of quinine hydrochloride, and K, 
that of codeine hydrochloride, and if « denotes the (very small) quantity of 
hydrochloric acid remaining free, then according to the law of dissociation, as 
already stated for gases, and which, according to the law of mass-action, 
holds good of course also for substances existing in solution, we shall have— 

xVK, =€«(a, — x), 
and 
(n —x) VK, = (a, — [mn — x). 


Then by division we obtain— 
(@, — [n — x])x K, 


(a,-x)m-x) Ky 

That is, the constant of equilibrium 1s equal to the ratio of the dissociation 
constants of the two compounds between which the hydrochloric acid is divided. 

Other things being equal, the quinine hydrochloride is, therefore, 
dissociated 2°03 times as much as the codeine hydrochloride. Now this 
relation also holds good for the two other reactions. If we denote the 
dissociation constant of brucine hydrochloride by K,, then the product of 
the three constants of equilibrium should be— 


Sans beer 5 
bE te OD Gets 
As a matter of faet, we find that— 
2:03 x 1°58 x 0°32 = 1:026. 
Jellet previously obtained this result in a somewhat different way. 


Obviously, in all cases in which the salts of an optically active base have 
different rotatory power to the base, it may be studied in a similar way, so 
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i that the chemical equilibrium may be found even when the second base 
added is optically inactive. This is a good method of comparing the 
strength of bases, as was shown by Skraup.! 


Dissociation in Solutions.—In order to investigate the con- 
| dition of equilibrium, in a reaction which involves a change in the 
' number of molecules, as ¢.g. a dissociation, we may make use of a 
' general method which amounts to the same as the determination of 
| the vapour density of a gaseous system. The depression of the 
| freezing-point, of the vapour pressure, and of the solubility, experienced 
_ by a solvent on the addition of soluble substances, are each directly 

proportional to the number of molecules of the dissolved substance. 
This has been shown by the new theory of solutions (see p. 145); and 
therefore very generally, by the determination of these magnitudes, 
we may learn the state of equilibrium of those reactions, the progress 
of which is identified with a change in the number of molecules. This 
method has, in fact, already given fairly extended information concerning 
the dissociation phenomena in solutions; but unfortunately it is not 
sufficiently accurate in all cases, because Meneirements of this sort are 
uncertain at small concentrations, and at higher concentration the 
calculation can only be approximate, on account of the inexactness of 
the gas laws. 
The writer? succeeded in showing, in an indirect way, viz. by 
the study of the distribution of acids between water, and benzene 
or chloroform, that the equation of the isotherm of dissociation holds 
good, in the broadest sense, for the decomposition of double mole- 
cules into single ones. Thus if ¢ denotes the concentration of the 
_ double molecule of the acid, and c, that of the normal [single] mole- 
cule, then it was shown that 


Ke=c,?,° or KV(1 —a) = 40%, 


_ where a denotes the degree of dissociation, and V the volume of the 
- solution containing 2 g.-mol of the acid. 

§ The preceding formula, of which much use will subsequently be 
made, can be considerably ‘simplified when the substance in question 
is either very highly or only very slightly dissociated. In the former case 
a is almost constant, and nearly equal to 1, and we have 


-—— V(1 —a)= constant ; 


ie. the concentration of the undissociated molecules (3 = at eatreme 


1 
dissociation, is proportional to the square of the total concentration (= 7) 


1 Monatshefte fiir Chemie, 15. 775 (1895). 
2 Zeitschr. phys. Chem. 8, 110 (1891). 
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_ In the second case, a is small as compared with 1, and therefore 
2 
? =constant; i.e. the concentration of the dissociated molecules ea) at 
very slight dissociation, is proportional to the square root of the total 
1 
concentration (= a8) 
VV 


Such simple laws as these assist greatly 1 in the general treatment 
of the subject. 


Esterification in Benzene.—The esterification of amylene and 
acids already described on p. 460 was also investigated when the 
reacting substances were dissolved in benzene. Under these conditions 
the acid is bi-molecular when the concentration is not too low, 7.e. the 
reaction here progresses according to the scheme 


S,+ 2A = 2E, 
where S, denotes the double molecule of the acid, and A and E re- 
spectively denote the amylene and the ester. 


In consequence of this the law of mass-action does not require as 
before that 


(1 —x)(a—x)_ 
ae aa 
but that 
(1-x)(a-x) 
agai 
or else the expression 
wees 
x ae 


must be constant. 
The following table contains some results of an investigation con- 
ducted with trichlor-acetic acid at 100°. Here V denotes the volume 


of that reaction mixture in litres, which contains the double equivalent 
of acid. 


a. Vv. a K. Ky 
0°481 3°00 0°181 07453 0°87 
0°963 4°00 0°298 0°392 0°94 
0°481 USES 0°135 0°282 0°85 
0°963 13°54 0°197 0°230 0°94 


As a matter of fact, in the sense of the theory, and within the 
limits of the errors of experiment, K’ alone is constant. It should be 
noticed that if one applies the law of mass-action to the reaction 


S+A=E, 


if <a =~ 
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then the active mass of the acid obviously will be 
L=x 


Ose 
Vv 
when we denote the degree of the dissociation of the acid by a. 
Therefore the following expression, 


? Ae — x)(a — x) 


im i ’ 


must be constant. But now, according to the equation of dissociation 
(p. 465), the following expression must be constant, viz. 
| a” Bia ae 


l-a A iene 


or, as a is very small compared with 1 at slight. concentration, a must 


be inversely proportional to the expression a ae * | i.e. the square 


root of the concentration of the acid; and thus we find in this way 
that the expression, designated above as K’, must be constant. 

Thus the requrements of the law of mass-action are found to be wn- 
equivocal throughout, as appears from the course of the reaction. 


Evidence of Chemical Action from the Osmotic Pressure of 
solutions.—Just as the question whether a substance is dissociated 
‘in solution or not can be decided by measurement of the osmotic 
pressure (or the proportional quantities, such as the lowering of the 
 freezing-point), so we can investigate whether, in dissolving two or 
_ more different substances, a chemical reaction occurs which causes a 
_ change in the number of dissolved molecules. If the freezing-point is 
lowered by each of the substances in the mixture as if the others were 
not present, no such reaction can have occurred, in the contrary case 
a reaction is indicated. 
As an example of this method, we may mention that, according to 
_ the measurements of H. C. Jones,! solutions of water and alcohol in 
acetic acid produce the same lowering of freezing-point as if each was 
_ present separately, hence there is no formation of alcohol hydrates 
_ under these circumstances. But water and sulphuric acid influence 
- each other’s depression of the freezing-point, the effect in the mixture 
_ being smaller than when the two substances are present alone. The 
results thus obtained indicate’ that when a considerable excess of 
_ water is present the hydrate H,SO,.2H,O is formed, in other cases 
_ 4H,S0,.H,0, but in dilute solutions the latter hydrate is partly 
_ dissociated into water and sulphuric acid by the dissociating power of 
_ the solvent, acetic acid.) 
1 Zeitschr. phys. Chem. 18. 419 (1894). 
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The Influence of the Solvent.—Many investigations have led to 
the very remarkable result that the nature of the solvent has a very great 
influence on the molecular condition of the dissolved substance (p. 270). 
Thus the organic acids, which exist in the form of double molecules in 
benzene solution, at not too low concentration, have their normal 
molecular weight in ether, ethyl acetate, acetic acid, and similar solvents. 
In water solution they suffer electrolytic dissociation, more or less strongly. 
Similar results are found in other cases. 

It has been shown that, on the whole, the different solutions can 
be arranged in a series as regards their “power of dissociation ” 
(Beckmann), 

At the head stands water, which has the property of splitting 
many dissolved substances into their respective ions, and of decom- 
posing others at least to their normal molecular size. 

The former property is possessed by such solvents as the alcohols, 
the phenols, the esters, and the ethers, and also by acetone, only- in the 
very slightest degree. On the other hand, substances dissolved in 
these solvents just enumerated, at not too high concentration, usually 
have their respective normal molecular weights. 

Many substances, such as the organic acids, the oximes, the phenols, 
ete., when dissolved in anethol, azobenzene, paratoluidine, etc., show 
a tendency, which is more or less strongly expressed, towards the 
formation of large molecular complexes, and especially of double molecules, 
These solvents represent the transition from the preceding group [2.¢. 
the slightly ionising group of solvents] to the next following group, 
which contains solvents having a still greater tendency to promote 
polymerisation, such as the hydrocarbons, benzene, naphthalene, di-phenyl- 
methane, di-phenyl, etc., carbon di-sulphide, chloroform, ethylene bromide, 
and the like, 

Accordingly, we find that acids form more ester with amylene, 
when dissolved in benzene, other things being equal, than when dis- 
solved in ether, in which latter solvent the substances do not react to 
any marked extent. Beckmann called attention to the fact that, 
excepting acetone, these solvents, which are characterised by great 
dissociating power,! are built on the water type. 

We may clearly assume from the observations made hitherto that 
a high dielectric constant of the solvent is favourable not only to 
dissociation into ions, but also for the dissociation of complex 
molecules into simpler. To this corresponds the fact that substances 
in solution are more strongly dissociated than when they exist in a 
vacuum or in an indifferent gas under the same conditions of tempera- 
ture and concentration. Thus acetic acid occurs with normal molecular 
weight in water under circumstances such that, as a gas, it would 
consist almost entirely of double molecules. Many solutions have a 
greater dissociating force than a vacuum, and hence there follows the 

1 Beckmann, Zeitschr. phys. Chem. 6. 437 (1890). 
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practical result that the measurements conducted according to Raoult’s 
method usually give more certain information regarding the normal molecular 
weight than the determinations of the gas density afford, provided that by 
the normal molecular weight we mean the smallest form which the 


substance in question can assume without a complete dissolution of 
the molecular union. 


The tendency of many substances, especially those containing hydroxyl, 
_ to form double molecules in solvents of small dissociating power, such as 
benzene or naphthalene, has been thoroughly investigated by Auwers and 
his pupils (Zettschr. phys. Chem. 12. 689; 15. 38; 18. 595; 21. 337; 
32. 39; 42. 513). The constitution of the dissolved substances seems to 
exert a regular influence, especially in the cases of phenol and acid anilides. 
_ In both these cases, ortho-substitution either weakens or entirely destroys 
the tendency towards formation of double molecules. The substituent 
exerting the greatest influence in this sense, is the aldehyde grouping CHO. 
Carboxyl CO, R and CN are somewhat weaker, NO, and the halogens 
weaker still, and alkyl weakest of all. Meta- or para-substitution exerts 
much less influence, and may, asin the case of the phenols, increase the 
polymerisation. 


The Participation of the Solvent in the Reaction.—Thus 
far we have always considered the solvent as excluded from taking 
any part in the reaction, and we will now consider how such a partici- 
_ pation can be taken into account. 
The simplest case is that where only one molecular species, A, 

occurs in solution, and reacts on the molecules of the solvent, water, 

_ @g. when hydration of the dissolved substance would occur. Then 
_ there would take place the following reaction, viz. 
A(H,O0), = A + nH,0, 

which also has the form of an equation of dissociation. Let ¢ denote 
the concentration of the hydrated molecules of the substance A ; and 


e, the concentration of the non-hydrated molecules; and c, the 
- concentration of the water. Then we obtain the equation 


Ke=e¢7". 
: Now it must be noticed that c, is very large in comparison with 
_¢ and ¢,; and therefore, especially when the solution is sufficiently 
diluted, the active mass of the solvent will only change inconsiderably 
if the point of equilibrium is displaced_in one direction or the other, 
ie. the active mass of the solvent is almost constant. But then there is a 
proportionality between ¢ and ce, and therefore in a dilute solution 
_ the hydrated fraction is independent of the concentration. This deduction 
_ from the law of the mass-action has not been properly noticed hitherto.1 
But now, since we have no means at present of answering the 
|| question, whether a molecular species existing in aqueous solution 


é 1 Thus the view is very cotmonly found expressed in the literature that hydrates 
* decompose with increasing dilution. 
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combines with water or not, and also since the Raoult-van’t-Hoff 
methods for molecular weight determination give us no evidence 
concerning this, the experimental determination of the state of 
equilibrium of such reactions as the preceding, or of analogous ones, 
has hitherto eluded us. Yet the experiment described on p. 461, 
that in an excess of amylene the esterified portion of the acid is 
almost independent of the quantity of amylene, speaks in fayour of 
the preceding law. 

Moreover, a more stringent calculation, on the basis of thermo- 
dynamic principles (see Chap. III. of the last Book), shows that the 
active mass of a solvent at constant temperature is proportional to its 
vapour pressure. Now, in keeping with the preceding considerations, 
this must be regarded as constant in the case of solutions fairly dilute, 
because it is only very slightly different from that of the pure solvent. 


Equilibrium in Solid Systems.—From the van’t Hoff method 
of treatment of “solid solutions” (p. 161), and especially from the 
undoubted, though slight, capacity of solid substances to diffuse into 
each other, there follows immediately the suggestion that mutual 
chemical reaction may take place even in homogeneous solid systems, 
and that ultimately a condition of equilibrium will be established. 
But it is easily conceivable that chemical processes in the solid state 
of aggregation would usually take place too slowly for one to trace 
out their progress ; and thus, of course, their experimental study 
would be impossible. 

Now, in fact, illustrations of the gradual progress of molecular — 
changes of solids are not wanting. Here would be included the 
so-called elastic and thermal “effects” (Nachwirkungen), which are 
doubtless to be explained by a more or less considerable change of the _ 
molecular structure. Also the brittleness of some metals occasioned — 
after a time; as, ¢.g., that of tin by the cold, or by lively agitation. 
Also the gradual change of the crystal form, and the change from the 
so-called amorphous to the crystallised condition, whiel is illustrated 
in devitrification. 

Moreover, Spring! succeeded in one case in demonstrating the 
probable establishment of equilibrium, viz. in the reaction between 
‘solid barium carbonate and solid sodium sulphate ; here the change 
into barium sulphate and sodium carbonate ceased when about 80 per 
cent had been so transformed ; and conversely, the mutual reaction 
between barium sulphate and sodium carbonate ceased when about 20 
per cent of the equi-molecular, mixture had been changed. This | 
reaction takes place on energetic shaking of the finely-powdered | 
substances, and is also very much accelerated by the application of — 
high pressures (up to 6000 atmospheres). Its progress was ascertained — 
Py extraction with water, and then weighing the insoluble ingredients. 


1 Bull. soc. chim. 46. 299 (1886). 


CHAPTER III 
CHEMICAL STATICS—HETEROGENEOUS SYSTEMS 


The Kind of Heterogeneity.—The heterogeneity of a chemical 
_ system existing in equilibrium obviously cannot consist in any varia- 
tion of the composition of the liquid, or of the gas mixture, from 
point to point ; because, if this were the case, there would occur a 
: migration of matter, as a result of diffusion, ic. the system would not 
as yet have reached its state of equilibrium. The heterogeneity 
must essentially consist only in the intimate association of different com- 
plexes, each of which is homogeneous im itself, such as solid salts and 
saturated solutions, mixtures of liquids and of gases, solids and 
their gaseous dissociation products, etc. ; the degree of heterogeneity 
will be conditioned and estimated by the number of these complexes. 
_ The particular system may, of course, be either gaseous, liquid, or 
' solid. There is no limit to the number of solid substances, and of 
liquids which do not dissolve each other, which participate in material 
decompositions by a displacement of the point of equilibrium resulting 
from reactions. On the other hand, we know that, on account of the 
complete miscibility of gases, there can be present [in any case, only 
one gaseous complea. 

The different complexes which are both physically and chemically 
homogeneous in themselves, which may be either a physical mixture 
or a chemical compound, and which make up the heterogeneous system, 
are called the phases of the system, after the usage of W. Gibbs. “Thus, 
é.g., in considering the state of equilibrium between caleium carbonate 
and. its decomposition products, carbon dioxide and calcium oxide, we 
must distinguish in this system three phases, two of which, viz. CaCO, 
and CaO, are solid, and one, CO,, is gaseous. 


a a 


General Law regarding the Influence of the Relative 
 Proportions.—An unusually large number of experiments have led 
to the following law, which is universal, viz. :— 

The eeeenion of equilibrowm of a heter “ogencous system is independent 
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of the relative quantity by weight in which cach phase is present in the 
system. 

Thus, ¢.g., after equilibrium has-been established in the aforesaid 
system, viz.-— 


CaCO,<5Ca0 + CO,, 


if there should occur an increase or a diminution in the quantity by 
weight, in which each of the enumerated substances is present, and 
if care is taken to preserve the external conditions, temperature and 
pressure, unchanged, then the state of equilibrium remains unchanged, 
i.é. in the sense of the reaction equation, there is no change in either 
direction, and the composition of each particular phase remains 
undisturbed. 

Among other deductions from the preceding law are these well- 
known facts: that the vapour tension of a liquid is independent of its 
quantity ; and that the concentration of a saturated solution is the 
same, whether much or little of the solid salt be present, and the like. 

The law may be demonstrated, on the basis of the molecular theory, 
in the following way. The establishment of chemical equilibrium 
does: not mean that all chemical change has absolutely ceased; but 
rather that, in the sense of the reaction equation, the change, at any 
moment and at any point in the one direction, is exactly as great as 
the change in the opposite direction (p. 444). 

Thus if we consider any selected part of a surface which separates 
two different phases of a system from each other, there will be a 
continual change of molecules in the portion of the surface, and 
molecules will be continually going out and in at the same time. In 
order that equilibrium may become established and remain so, the 
condition must be fulfilled, that the same number of molecules of each 
species must pass through the portion of the surface in the one 
direction as in the other. Thus we are considering the necessary 
extension of the same considerations which earlier (p. 213) led us 
to conceive of the equilibrium between a liquid and its saturated 
vapour, as a dynamic condition ; and there also the state of equilibrium 
was associated with the condition, that at each portion of the surface 
separating the liquid and the saturated vapour, at every moment, as 
many gaseous molecules condense as evaporate from the liquid. 

The forces, under the influence of which there occurs the continuous 
exchange of molecules between two different phases, like all molecular 
forces, have only very small spheres of action and sink rapidly to 
zero at measurable distances. This exchange only takes place as a 
result of the forces which are active in the immediate vicinity of the 
limiting surface between molecules which exist in two different 
phases, and it is indifferent whether the extension of the two phases 
on both sides of the separating surface is large or not. For the same 
reason the exchange of molecules is not influenced either by the 
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form + or by the extension of the separating surface. This can only 
mean that the condition of equilibrium is independent of the relative mass of 
each of the phases. 


Complete Heterogeneous Equilibrium.—Among the simplest 
eases of equilibrium are the so-called “physical,” 2.¢. the equilibrium 
between two different states of aggregation of the same substance ; as, 
. €9., the equilibrium between ice and liquid water; the equilibrium 
between liquid water and water vapour ; and the equilibrium between 
ice and water vapour, 7.¢. where the reaction—in regard to which an 
equilibrium has been established—consists in the melting of a solid 
body, in the evaporation of a liquid, or in the evaporation of a solid 
(sublimation). 5 

The relations here are very simple. For a definite external 
pressure there corresponds a definite temperature at which the two 
_ systems can exist beside each other ; thus ice and water are co- 
existent at atmospheric pressure at 0°; and liquid water and water 
vapour at atmospheric pressure at 100°. If we change the ex- 
; ternal pressure, at a temperature which is kept constant, or if 
_ we change the temperature, at an external pressure which is kept 
constant—then the reaction advances to a completion in one sense 
or in the other. 

We may obtain complete knowledge of the conditions of 
equilibrium by ascertaining the dependence of the pressure at which 
the two respective states of aggregation are capable of existing beside 
_ each other—upon the temperature, i.c. the dependence of the melting- 
_ point upon the external pressure, and the vapour-pressure curve of the 
liquid or solid substance. 

Now there are a number of reactions of a purely chemical nature 
_ which are completely analogous to the above physical reactions, for 
they have the common peculiarity that when the reaction takes place 
 asothermally, each one of the phases may change its mass but not its 
composition. 
5 In all reactions of this sort the same thing holds true which was 
_ true in the case of the physical reactions, i.e. with a certain external 
_ pressure, the phases of the system are, collectively, coexistent only at 
a certain definite temperature ; and under all other conditions, the 
- reaction advances in one sense or the other to a completion, ae, till 
one of the phases is exhausted. 
; After the example of Roozeboom,? whose many-sided experimental 
investigations have very largely contributed to clearing up these 
questions, we will call the equilibrium “completely heterogeneous.” ? 


, a 


_ | Excepting very great curvatures, where possibly the capillary forces may come 
“noticeably into play (Book IV., Chap. III.). 

) 2 Rec. trav. chim. des Puys-Bas since 1884 ; Zeitschr. phys. Chem. since 1888. 

_ * Tt must be strongly emphasized that the “ complete equilibrium ” has no special 

; _ importance or superiority as compared with the ‘‘incomplete equilibrium.” Exactly 
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A complete [heterogeneous] equilibrium, ¢.g., is that between calcium 
carbonate and its decomposition products. To a definite temperature 
there corresponds one, and only one, pressure at which the three 
reacting substancés can exist beside each other, according to the 
reaction equation 

CaCO,—7CaO + CO,. 


Let us think of the CaCO, as being at the bottom of a cylinder 
which is closed with a movable air-tight piston. Then, if we increase 
the volume by raising the piston, the reaction progresses, in the sense 
of the preceding equation, from left to right ; and if we diminish the 
volume by depressing the piston, the reaction progresses, in the sense 
of the preceding equation, from right to left. Equilibrium can exist 
only at a definite pressure exerted from without upon the piston, viz. 
the so-called “dissociation pressure.” If we make the external pressure 
only a trifle smaller, always at a temperature which is kept constant, 
then the reaction advances from left to right until the calcium carbonate 
is exhausted, 7.¢. until it is complete. If we make the external pressure 
only a trifle greater, there results, conversely, the complete reunion 
of the carbon dioxide with the calcium oxide, in the sense of the 
equation, from right to left. When the reaction occurs, with the 
equilibrium pressure and temperature remaining constant, none of the 
phases changes its composition: this is the necessary pre-existing 
condition for the occurrence of the reaction under constant equilibrium — 
pressure. 

The peculiarity of such reactions is, that’ they may occur at 
constant temperature without change in the composition, or in any — 
other property of each of the phases, and with no change except in 
their total mass ; it follows from this quite generally, that for a given 
composition, there can be but one corresponding external pressure, and 
to every definite temperature there corresponds one, and only one, equilibrium 
pressure. 

In this manner the way is clearly pointed out which must e 
followed for the experimental investigation of special cases of ee | 
equilibrium. We may become completely familiar with such a case 
if we ascertain for each temperature the corresponding pressure at — 
which the different phases are coexistent, and if we also ascertain the 
composition of each of the phases. Sometimes, as was the case with — 
the system, 


CaCO, + CaO + CO,, 


the contrary is the case. For example, investigation of the freezing-points of salt 
solutions, where a change of concentration is produced by the solid freezing out, and 
where, therefore, we are dealing with incomplete equilibria, has led to the most 
valuable results, while the corresponding complete equilibrium (coexistence of ice and | 
salt with the solution) possesses an absolutely arbitrary character. The old erroneous” 
idea that these mixtures were definite substances has been historically perpetuated by 
giving them the name of ‘‘ eryohydrates.”” 


CHAP. Ti: CHEMICAL STATICS—-HETEROGENEOUS SYSTEMS 475 


the composition may remain unchanged, even with a change in the 


- temperature; but this is often not the case. 


Let us consider, as an example of the last case, the equilibrium 
between a solid salt, its saturated water solution, and the water 
vapour: here we have a case of complete equilibrium, for, at any 
definite temperature, the three phases are coexistent only at one 
pressure, namely, the vapour pressure of the saturated solution ; and, 
moreover, the reaction which occurs isothermally (the evaporation of 
the water and the precipitation of the salt) does not result in a change 
of composition of any of the phases. But the composition of the liquid 
phase, (the solution) varies with the temperature as a result of the 
varying solubility of the salt. 

As it is the influence of the temperature which especially concerns 
us in complete equilibrium, its further description belongs to the 
sections on thermo-chemistry. 


Phases of Variable Composition.—The relations are very 


different when one or more of the phases changes its composition 


while the reaction proceeds isothermally. Here, in general, a change 
of the external pressure establishes a new condition of equilibrium, 
because one or more of the phases of the system changes its 
composition. 

An illustration will serve to make the case intelligible. 

If we allow pure water to evaporate at the exact pressure of its 
saturated vapour, then, while the reaction (evaporation) is going on, 
neither the liquid nor the gaseous phase changes its composition. If 
we make the external pressure a little smaller, then all the water 
evaporates ; if we increase it, then all the vapour condenses. 

Now this is at once changed as soon as a salt is dissolved in the 


a water; then, as is well known, the vapour pressure is lowered in 
_ proportion to the concentration [of the solution]. 


Let a definite volume of water vapour be in equilibrium with the 


; solution. If we now diminish the external pressure a little, not all 


the water evaporates but only a definite fraction. For, as a result of the 


evaporation, the concentration of the solution increases, whereby the 


_ maximal pressure is still further reduced, and this goes on until it has 


sunk to the new and lower value of the external pressure, and thus a 


_ new state of equilibrium becomes established. But if the concentra- 
tion proceeds so far that the solid salt is precipitated, then the con- 
centration remains‘ constant, and equilibrium pressure also remains 


constant, and does not increase any more with further evaporation. 
Thus in those systems in which there occur phases having a vari- 


able composition, the equilibrium depends upon the relative masses of 
_ the reacting components in these phases, and thus the problem arises 


of formulating this influence. 
In what follows, as we advance from the simplest conditions of 
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equilibrium to the more complicated examples which have been 
experimentally examined, this simple result will be found, that without 
the introduction of any new assumptions, the law of mass-action may be also 
applied to heterogeneous systems. 

We will first consider the case where there occurs only one phase 
having a variable composition in the system, and will then proceed to the 
more complicated cases where the number of such phases is greater 
than one. This one phase may be either gaseous or liquid. Solid 
substances (except mixed crystals), i contrast to gaseous and liquid phases, 
do not change their composition on a displacement of the point of equilibriwm ; 
and therefore they occupy an eaceptional position, because they form only 
phases of constant composition. 


Equilibrium between a Gaseous Phase and a Solid Sub- 
stance—Sublimation.—According to Dalton’s law, the sublimation 
pressure, 7.¢. the maximal partial pressure under which the solid 
vaporises into a gas, with which it forms no new compound, is as great 
as though the sublimation took place in a vacuum. The composition 
of the gaseous phase is thus completely determined by the vapour 
pressure of the corresponding solid substance, and by the mass of the 
foreign gases which are present. 


The Dissociation of a Solid Substance which produces only 
one Gas.—This case conducts itself in the same way as the last. 
Here also, for each temperature, there is a corresponding maximal 
pressure (the dissociation pressure) of the gas resulting from the dissocia- 
tion, and which is not changed by the presence of indifferent gases. 
The dissociation pressure is also independent of the relative masses of 
the solid bodies which take part in the reaction. 

The classical example of this case is the dissociation of calcium 
carbonate, the regularity of which was observed by Debray (1867) : 

CaCO,77CaO + CO, 
Solid Solid Gaseous. 


The dissociation pressures of this system have been measured very 
exactly by Le Chatelier ;1 in measuring the temperatures he used a 
thermocouple made of platinum and an alloy of platinum and rhodium. 


Tue DissocraTiIon TENSIONS OF CALCIUM CARBONATE 


t. p- t. p. 

| 

| 
547° 27 mm. Hg. © | 745° 289 mm. Hg. 
610° 46 ,, 2 | 810° 678 ,, ” 
625° D0 .a anes en seule 753. nen 
740° AD 35) 55 | 865° 1333.05, 0eeee 


1 GR. 102. 1243 (1886). 
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The observation that the dissociation pressure like the maximal 
pressure of saturated vapours increases rapidly with the temperature 
appears to be quite general; moreover, there is a very close analogy 
between these phenomena. 

The dissociation pressure is independent of the ratio between the 
relative quantities of solid carbonate and calcium oxide, as also follows 
if we apply the general law stated on p. 476 to the particular system 
considered. This is usually expressed as follows: viz. the active masses 
of solid bodies which participate in the chemical equilibrium are constant 
(Guldberg and Waage, Horstmann). 

The explanation of this behaviour, from the kinetic-molecular 
standpoint, presents some difficulty. Thus one might incline to the 
view that the more the relative mass of oxide increased, the more CO, 
molecules would be taken up and held fast by the mixture of oxide 
and carbonate; and that the more the mass of carbonate decreased, 
the fewer CO, molecules would be sent out. In this way, however, 
the mass ratios would exert an influence on the dissociation pressure, 
which is contrary both to the general law already mentioned, and to 

- experience. 

We have already given on p. 472 a general discussion according 
to the molecular theory showing that the relative quantity of the 
various phases must be without influence on equilibrium ; it is worth 
while, however, to go through some considerations which show simply 
and easily the constancy of the dissociation pressure. 

Both the calcium oxide and also the carbonate must each certainly 

_ possess a certain vapour pressure, or, more correctly, a pressure of sub- 
_ limation; by this is meant the respective partial pressures of the 
molecular species CaO and CaCO,, standing in a gas space which is in 
contact with the oxide and the carbonate. Now, these sublimation 
_ pressures are independent of the presence of foreign gases; they 
_ remain unchanged when the oxide and the carbonate are present at the 
' same time. We cannot ascertain the magnitudes of these pressures, 
_ because they evade direct measurement by reason of their smallness. 

k Hence in the vapour space, which is in contact with the two solid 
substances, there occur the three molecular species, CaCO,, CaO, and 
CO, ; and respecting the reaction, 


CaCO,27Ca0 + CO,, 


- a condition of equilibrium will be established, and to this we may 
directly apply the law of chemical mass-action. 

’ Let us denote by 7, and z, the sublimation pressures of the oxide 

Bite of the carbonate respectively ; and by p the vapour pressure of 


q i 
44 


the carbon dioxide; this latter, on account of the smallness of the 
values of 7, and z,, will not be very different from the vapour pres- 
‘sure (i.¢. the dissociation pressure) of the whole system. Then, 
according to the law of mass-action, it follows that 
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K’r, = Pr» 
where K’ denotes the dissociation constant of the gaseous CaCO, mole- 
cules. Now, since 7, and z, are independent of the quantity of the 
solid substances [CaO and CaCO, respectively], then p, @.e. the dissocia- 
tion pressure at any given temperature, must also be constant. But 
it will vary greatly with the temperature, because the same also holds 
good both for K’ and for 7, and z,. 

Considered on the basis of the molecular theory, this same proof 
is the reason for the view that the reaction occurs exclusively in the 
gaseous phase, and that the solid substances participate in the reaction 
to the extent of their previous sublimation. ‘This view leads, as an 
immediate consequence, to the constancy of the dissociation pressure, 
though, on the other hand, this is not a necessary condition for its 
derivation.! 

To the dissociation phenomena of solid bodies there also belong 
the dehydration of salts containing water of crystallisation, resulting from 
raising the temperature. This has been thoroughly studied by 
Mitscherlich, Debray, G. Wiedemann, Pareau, Miiller-Erzbach, and 
others. Here also the pressure of decomposition is constant for any 
given temperature, but increases strongly with increasing temperature. 
But here dissociation by stages is usually found, 2.e. the salts do not 
lose all their water at a constant pressure, but several stages can be 
recognised, at which points the different molecules of water suddenly 
evaporate as the pressure changes. 

Thus, for example, copper sulphate (CuSO, + 5H,O) gives off the 
first two molecules of water with constant pressure, the following two 
also with constant but much lower pressure, and finally, the last 
molecule of water with the least pressure, so that the dissociation 
occurs in three stages— 


I. CuSO, . 5H,O0 = CuSO, . 3H,0 + 2H,0 
II. CuSO, . 3H,0 = CuSO, . H,O + 2H,O 
III. CuSO,.H,O =CuS0, + H,0, 


each of which possesses its own maximal pressure. A simple and 
certain method of determining the various stages of hydration is due 
to Miiller-Erzbach.” The researches of Andreae ® show that the change 
in question is discontinuous. The ammonia compounds of the metal chlorides 
behave like salts with water of crystallisation (Isambert [1868], 
Horstmann [1876]). 


R. Hollmann* has shown that mixed crystals containing water possess — 
a vapour pressure which is independent of the water content within certain 


1 The considerations advanced by Horstmann, Zeitschr. phys. Chem. 6. 1 (1890), 
which derived the same result from the same standpoint of “solid solutions” do not at 
all contradict the preceding statements. 

2 See especially Zeitschr. phys. Chem. 19. 185 (1896). 

3 Zeitschr. phys. Chem. 7. 241 (1891). 4 Ibid. 3'7. 193 (1901). 
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limits. He showed also that small quantities of an isomorphous mixture in 

all cases lowered the vapour pressure of the crystal. The discovery that 

double salts also behave like simple crystals is of great interest; if the 
vapour pressure of a series of mixtures of two salt hydrates which are 
isomorphous in all proportions be investigated, it is found that the vapour 
pressure curve shows a break where the composition corresponds with that of 
a pure double salt, This is the only method at present known for deciding 
whether a double salt is found in a complete isomorphous mixture series 
(p. 116). 


The Production of one Gas from several Solid Substances. 
—It can be shown here, by the same considerations which were 
advanced above, that for every temperature there is a corresponding 
_ development pressure (Entwicklungsdruck) which is independent of the 
relative quantities of the solid substances. In fact, Isambert ! demon- 
_ strated that the evolution of ammonia from lead oxide and ammonium 
: chloride, in the sense of the equation 


iad 


PbO + NH,Cl = NH, + Pb(OH)CI, 


- took place at the following maximal pressures for the corresponding 
temperatures :— 


7 t Pressure. i t Pressure. 
[ eb: 296mm. Mercury | 36°3° 599 mm. Mercury 
27°0° 420 ,, : | 48°9° 926 ,, . 


At about 42° the maximal pressure is equal to the atmospheric pressure, 
and thus this point is the “ boiling-point” of the system. 

Another interesting example of the preceding case has been found 

by Rothmund? when calcium carbide is formed according to the 

equation 

i CaO + 38C = CaC, + CO, 


a single gas is generated from this solid substance, and can therefore 
' be in equilibrium with the system only at one given pressure for a 
_ given temperature. In point of fact it is found that above 1620° 
carbon monoxide is violently evolved with formation of carbide, and 
_ that conversely below that temperature carbon monoxide at atmospheric 
pressure completely decomposes calcium carbide into lime and carbon. 
_ The Dissociation of one Solid Substance which produces 
_ several Gases.—When the volatilisation of a solid substance is 
attended, at the same time, with a more or Jess complete dissociation, 
then for a definite temperature there cor responds a definite dissociation 
pressure ; this latter amounts to the same, in the presence of an in- 
different gas, as inavacuum. But the case where one of the resulting 
_ gaseous products of decomposition is present in excess, requires special 
- treatment. 
Thus ammonium hydrosulphide has at each temperature a definitely 
1 OR, 102. 1313 (1886). 2 Gott. Nachr., 1901, Heft 3. 
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corresponding vapour pressure; but, as must be inferred from its 
vapour density, the gas mixture above it is almost completely dissoci- 
ated into ammonia and hydrogen sulphide, z.c. in the sublimation the 
following reaction occurs : 


NH,SHZ7 NH, + H,S. 


At 25°1° the dissociation pressure of the gas amounted to 501 mm., 
without excess of the decomposition products, z.¢. the partial pressures 
of the two gases, NH, and H,S, were equal to each other, each being 
250°5° mm. 

According as one or the other of the two gases were present in 
excess, the partial pressures [p, and p,] for the state of equilibrium 
had the following values : — 


NH HS 
Pl : D2 Pia 
208 294 60700 
138 458 63200 
417 146 60800 
453 143 64800 
Mean 62400 


As is obvious, the partial pressure of that gas which is not present 
in excess is diminished by the presence of the other, 2. the dissociation 
pressure has fallen, This result may be theoretically developed in the 
following way. 

In the vapour of the ammoninm hydro-sulphide, aside from the 
decomposed molecules, there are also some undecomposed molecules, 
though the number of the latter may be very small ; let their partial _ 
pressure amount toz. Then by applying the equation of the isotherm — 
of dissociation to the: gaseous, we obtain 


Kar =p Dye 


But now, according to Dalton’s law, at constant temperature, the 
vapour pressure 7 of the undecomposed molecules of ammonium hydro- 
sulphide must be constant; and, according to the preceding formula, 
the same thing holds true for the product p,p, Now, denoting the 
dissociation pressure by P, for the case where p, = py (7.¢. where there 
is no excess of either of the decomposition products), we obtain 

p2 


K’r = pyP, as 


1 Isambert, C..R. 92. 919 ; 93. 731 (1881) ; 94. 958 (1882). 
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Now, in fact, this equation is found to be established by the pre- 
ceding table. The value of p,p, varies irregularly, and the mean 
value 62,400 approximately coincides with the [theoretical] value, 


B2 bOl? 
oat 
The relations are very similar in the case of ammonium carbamate, 
a substance studied by Horstmann,! to whom we are indebted for the 
first application of the law of mass-action to the dissociation of solid 
compounds, and therefore at the same time for one of the most 
striking demonstrations of the law. The substance, on sublimation, 
decomposes almost entirely in the sense of the equation 


NH,-0-CONH,z>NH, + CO,, 


If we denote the partial pressure of the ammonia by p,, and that 
of the carbon dioxide by p,, then the application of the equation of 
_the isotherm of dissociation gives 

K’r = py’P» 

where K denotes the dissociation constant of the gaseous ammonium 
carbamate molecules, and 7 their partial pressure. Now, since the 
latter is constant, in the presence of the solid salt, for any given 
temperature, therefore the right side of the preceding equation must 
also be constant ; and since z, in contrast to the total pressure, has 
an infinitesimal value, on account of the almost complete dissociation 
of the ammonium carbamate, therefore we obtain 


> 4p 
Py P2 = O7” 


= 62,700. 


where P denotes the dissociation pressure at the respective temperature, 


_ without excess of either of the dissociation products: and, therefore, 


two-thirds P denotes the partial pressure of the ammonia, and one-third 


_ P, that of the carbon dioxide. The addition of NH,, then, will depress 
_ the dissociation pressure a good deal more than the addition of CO,. 
_ Horstmann, and Isambert? later, found the preceding formula to be 
_. well established. 


Reaction between any Arbitrary Number of Gases and 


- Solid Substances.—This general case can be dealt with, according 
_ to what has preceded, without the introduction of any new assumptions. 


Thus, let v, molecules of the solid substance a,, and v, molecules 
_of the solid substance a,, etc., come together with n, molecules of the 


_ gas A,, and n, molecules of the gas A,, etc.; and let them form y,’ 
_ molecules of the solid substance a,’, and v,’ molecules of the solid 


substance a,, etc., and also n,’ molecules of the gas A,’, and n,’ mole- 


1 Lieb. Ann. 187. 48 (1877). 2 OR, 93. 731 (1881) ; 9'7, 1212 (1883). 
21 
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cules of the gas A,’, etc. Thus the reaction will occur, according to 
the general scheme, 


my (Any, t , ¢ ' 
Vd + VpAqt..+NyAy + nA, +. Lay’ + ved +..+nyAy +my A +.. 


As above, let the par tial pressures of the reacting gases be respec- 
tively py, Po- ++) Py; Pe» -- Now some of the molecules of the solid 
substances a,, a...) ay, a .., will certainly occur in the gaseous 
system, though, under the circumstances, in very small quantities, since 
each of these solid substances will have a certain vapour pressure ; 
let this latter amount respectively to TT: “7 Ty, ee Ob. 
Thus the application of the law of mass-action to the gaseous system 


will give the following condition :— 
Nyy 2 Se ere Vile VD My! yp “D9! 
kein? .. - ppt? .. . =a er, ee 


Here k and k’ denote the velocity coefficients of the two mutually 
opposed reactions. 

Now if we observe that, according to Dalton’s law, the vapour 
pressures of solid bodies are independent of the presence of other gases, 
and that they remain constant at constant temperatures, then we can 
bring the preceding equation to the form 


Kp, spot = pp, eee 

where K denotes a constant, which again we will call the equilibrium 
constant. We arrive thus at the simple result that in a consideration 
of the equilibrium conditions of a system containing gases reacting on 
each other in presence of solid bodies, we proceed just as before, and ~ 
neglect only those molecular species which are present at the same 
time in the solid form. 

As has been already noted, Guldberg an Waage sacrament this 
result in the statement, that the active mass of a solid substance is constant. 

As an example of this, let us consider a reaction which was studied 
by Deville,! viz. 

3Fe + 4H,Q = Fe,0, + 4H,. 


By the reaction of steam at the pressure p upon iron at quite high 
temperatures, the reaction reached its completion when the partial 
pressure p’ of the hydrogen produced reached a definite value. The 
application of the general equation preceding led to the relation that 
p‘ and p* must be proportional, and therefore p and p’ must be so also. 
Deville’s experiments were carried out in the following way. A 
tube containing finely divided iron, and heated to a high temperature 
communicated with a retort containing liquid water at constant — 
temperature. Hence at equilibrium the partial pressure of the water 
vapour in the whole apparatus was equal to the vapour pressure of — 
the liquid water, corresponding to its temperature. The gradual 
increase of total pressure which took place was due to the hydrogen - 


1 [neb. Ann. 157. 76 (1870). 
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evolved during the reaction. The numbers obtained by Deville only 
partially agree with theory : the supposition that the gas mixture in his 
experiments never became homogeneous owing to slowness of diffusion 
has been confirmed by Preuner.! This investigator repeated Deville’s 
experiments with a more suitable apparatus, and obtained values 
which agree fully with the law of mass-action—as the following table 


‘shows :— 


The pressures are given in millimetres of mercury. The tempera- 
ture of the iron was 900°. 


Explanation of the preceding General Case by Means of 
Sublimation and Dissociation.—When a number of bodies react 
with a single gas phase we may consider the reaction in general, as 
has already been shown on p. 476 for the special case of the dissociation 
of calcium carbonate, as occurring in the form of a sublimation of the 


solid bodies which then react as gases. We may similarly consider 


the reaction in the gaseous phase as consisting in a dissociation of the 
reacting molecules into simpler components, which then recombine to 


new molecules. 
The chemical process is thus reduced to sublimation and dissociation, 


and, however complicated the case, it may be calculated when we 


know the sublimation pressure and dissociation constants of all the 
reacting molecules. It would be an important problem for future 
chemical investigation to determine these quantities for as many gases 
as possible and to find general rules for their calculations. 

This may be elucidated by one or two applications. Ammonium 
chloride at ordinary temperatures has an exceedingly small sublimation 
pressure, probably to be reckoned in thousandths of a millimetre of 
mercury ; ammonia_and hydrochloric-acid in the gaseous phase can 
remain in equilibrium with solid sal-ammoniac, and the product of the 


_ partial pressure of these gases~is constant at a constant temperature. 


If, then, by any means we reduce the partial pressure of hydrochloric 
acid, that of ammonia must increase, if the partial pressure of hydro- 


- ehloric acid is made excessively small that of ammonia will become 


very considerable. If\solid lime be added to sal-ammoniac, the hydro- 
1 Zeitschr. phys. Chem. 47. 385 (1904). 
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chloric acid is almost completely absorbed; the partial pressure of 
ammonia must therefore increase, since the product of the partial 
pressure of hydrochloric acid and ammonia must remain constant 
so long as solid sal-ammoniac is present. Actually even at room 
temperature ammonia is evolved from a mixture of sal-ammoniac and 
lime with considerable partial pressure, and it is certainly very note- 
worthy that small sublimation pressures of bodies that dissociate on 
volatilisation can be raised to considerable amounts by sufficiently 
thorough absorption of one of the components. On the other hand if sal- 
ammoniac is mixed with phosphorus anhydride, the pressure of 
ammonia is made exceedingly small and hydrochloric acid is violently 
evolved. The formation of carbon dioxide from calcium carbonate by 
acids may be regarded in the same manner. ‘The partial pressure 
of calcium oxide in the gaseous phase is extremely reduced, that of 
carbon dioxide is consequently considerably raised, since so long as 
solid calcium carbonate is present the product of the partial pressure 
of CO, and CaO must be constant. Mercury salts are little volatile 
at low temperatures, but if copper filings are brought in contact with 
them the negative radical of the mercury salt is combined, and the 
partial pressure of the mercury vapour reaches such an amount that, 
on moderate warming, enough mercury is given off to serve as the 
basis of an analytical test for mercury. 

Lead peroxide gives no perceptible partial pressure of oxygen ; if, 
however, we make the partial pressure of PbO extraordinarily small 
by adding sulphuric acid, oxygen is evolved. 

These conclusions indicate an indirect way of measuring sublimation 
pressures which in themselves would be extremely small. 


The Equilibrium between a Liquid Phase and Solid Sub- 
stances—The Solubility of Solid Substances.—The description 
of the particular cases in which solid substances are in equilibrium with 
a liquid (solution), should be prefaced by the general remark, that here 
a behaviour is found which is completely analogous to the equilibrium 
between a gaseous phase and solid substances. Thus the solution of a 
solid substance in any solvent is a process which has the greatest 
similarity to sublimation. In both cases the process is ended as soon 
as the expansive force of the evaporating or dissolving substance is 
held in equilibrium by the gas pressure of the vaporised molecules, 
or by the osmotic pressure of the dissolved molecules, respectively. 
And, therefore, for the reason already mentioned (p. 140), we call the 
osmotic pressure of a saturated solution, “the solution pressure ” of the 
respective substance, in order to make quite clear the analogy to 
vapour pressure or sublimation pressure. 

The solubility varies with the nature of the particular substance, 
and will always be affected more or less by any change in its chemical 
composition, or physical properties (as the crystal form, ¢.g.); thus, e.g. 


fi * 
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in general, the different solid hydrates of a salt will have different 
solubilities. 

In determining solubilities, the condition of the solid substances 
which exist in equilibrium with the solution must always be carefully 
noticed, 

Moreover, the solubility depends also upon the nature of the 
solvent, and upon the temperature ; usually, but not always, it rises 
with the temperature. 

The analogy between solution and sublimation, or dissociation, of 
solid substances is very clearly shown by the influence of foreign sub- 
stances which wre present. 'The solubility of a solid substance is no more 
changed by the (moderate) addition of another substance—provided 
that the foreign substance does not react chemically on the first—than 
is the sublimation pressure changed by the presence of foreign 
indifferent gases. 

In the following, we shall fix our principal attention on dilute 
solutions, as before. It is practically only these whose laws have been 
investigated, and so we shall consider mainly the behaviour of 
difficultly soluble substances. At higher concentrations the whole nature 
of the liquid, including of course its capacity as solvent, undergoes a 
considerable change, and therefore the laws which will be developed 
below must experience large modifications, which, however, are 
seldom so sweeping as to prevent us from obtaining at any rate a 
qualitative idea of the phenomena involved. 

The particular “specific” influences which enter here and tend to 
obliterate the simple regularities of dilute solutions have great interest 
and deserve a thorough study. It is only recently that the first 
deliberate step has been made in this direction.1 

Solubility varies very greatly with the nature of the solvent; this 
may be described as an effect of “the nature of the medium,” but nothing 
more about it is at present known. If another substance be added to 
a solvent in a very small quantity the nature of the medium is not 
altered—that is, a dilute solution of a given substance has the same 
solvent action as the pure solvent. When, however, a considerable 
quantity of the added substance is present the nature of the medium is 
altered, and according to present observations this may take place some- 
what rapidly—that is, with a higher power (for example, the second) 
of the concentration of the added component. Thus if alcohol is 
added to an aqueous solution of cane-sugar, the sugar is precipitated 
because it is much‘less soluble-in the newly formed medium. 


According to recent investigations? the solvent action of water is usually 


much reduced by addition of electrolytes, especially those with multivalent 


1 G. Bodlinder, Zeitschr. phys. Chem. 7. 308 and 358 (1891) . 
2 See especially Roth, Zeitschr. phys. Chem. 24, 114 (1897); Rothmund, ‘bid. 


$8. 401 (1900) ; W. Biltz, ibid. 48. 41 (1903). 
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te 
ions ; this is in all probability, related to the fact (p. 386) that the density of 
water is considerably influenced by ONE cice of other ions. 

A good example of the influence of -the nature of the medium is to be 
found in the researches of Villard on the solvent action of compressed gases.! 
In a vacuum or in a dilute indifferent gas solids and liquids dissolve in 
accordance with their vapour pressure; if, however, the indifferent gas is 
strongly compressed, say at 100 atmospheres, specific solvent action appears ; 
thus bromine evaporates in an atmosphere of compressed oxygen in much 
greater quantity than in a vacuum; compressed hydrogen has much smaller 
solvent power. 


Solubility of Hydrates.—It may be expected on theoretical 
grounds that the action of other substances should affect the solubility 
in water of salts containing water of crystallisation even when the 
action is too small to alter the nature of the medium. We will not 
go into the thermodynamic consideration of this influence here ; it is 
easily seen, however, that the water contained in the dissolving solid is 
taken up by the solvent the more easily the lower the vapour pressure 
of the dissolving water, and hence is more strongly dissolved ; in other 
words, the solubility of a hydrate in water is increased by the addition 
of a foreign substance the more such addition reduces the vapour 
pressure of water. For further details see the complete theoretical 
and experimental investigation of H. Goldschmidt.? 


Equilibrium between Solids and Solutions.—This case is 
obviously to be treated in the same way as the equilibrium between 
solids and gaseous phases. The concentration of each kind of molecule 
present in the solid state remains constant when the equilibrium is 
displaced, and the law of mass-action can be applied to homogeneous 
solutions in the manner given in the preceding chapter. 

The simplest case of this kind is dissociation on solution, such as 
occurs with racemic acid and similar compounds which, on solution, 
break up into dextro and levo modifications, and also with many 
double salts and salts with water of crystallisation which break up 
into their components (the two single salts or salt and water), and 
most frequently of all with the solution of salts which dissociate into 
ions. 

The equations for this case are as follows.* If u is the concentra- 
tion of the undissociated component we have 


u=const. ; 


if u, and u, are the concentrations of the two components into which 
the compound breaks up in solution the equation of the dissociation 
isotherm is 
Ku = u,u,. 
| Journ. de phys. [3], 5. 453 (1896) ; ref. Zeitschr. phys. Chem. 23. 373 (1897). 


2 Zeitschr. phys. Chem. 1'7, 148 (1895). 
’ Nernst, Zeitschr. phys. Ohem. 4. 372 (1889). 
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So long as the dissociated substance is present in the solid state u 

is constant, and we have therefore » « 
u,u, = const. 

We thus have the same equation as that given on p. 480 for the 
dissociation of ammonium sulphydrate. 

R. Behrend! has carried out a study of the foregoing equation. 
If anthracene and picric acid are mixed in alcoholic solution, anthracene 
picrate is formed according to the equation 

C,H), + CgH,(NO,),0H = (C,,H,o) . (CgH,[NO,],0H) ; 
this becomes evident to the eye from the marked red coloration of the 
solution, but the compound is only formed to a small extent, i.e. it is 
largely dissociated in solution. 

Now the solubility of anthracene and picric acid were determined 
and found to be 0°176 and 7°452 grms. in 100 parts of solution at 
25°. Then a series of solutions of varying composition were analysed, 
some containing anthracene and some anthracene picrate in solid form ; 


_ the results of these determinations are given in the following table :— 


q 
| 


| Anthracene diss. 


Anthracene | 9.199 | 9-206 | 0-215 | 0-228 || 0-236 || 0-202 | 0-180 | 0-162 | 0-151 || 0-149 


a 


Fierie acids | 1.917 | 2-071 | 2-673 | 3-233 || 3-469 || 3-994 | 5-087 | 5-843 | 6-727 || 7-511 


P 


s 0-176 0-176 0°176 0°176 | 0183 || 0°149 | 0-127 | 0°109 | 0-098 || 0-096 
1 


| Pierie acids diss. | 9.999 | 9.939 | 2-623 | 3-166 | 3-401 |] 3-926 | 5-019 | 5-775 | 6-659 | 7-443 


Us 


Picrate 0032 | 0-069 | 0:089 | 0-119 || 0-121 || 0-121 | 0-121 | 0-121 | 0-121 || 0-121 


Us 55 |b2 152 147 |51 14:8 [5:3 |5:2 |5-4 15-9 


a and p are the amounts of the two components present in the 
solution partly free, partly combined. In solutions 1-4 anthracene was 
in excess, in solutions 6-9 solid anthracene picrate was present ; 5 was 
saturated with both bodies, 10 with the picrate and picric acid. 

Solutions 1-4 contain more anthracene than corresponds to its 


solubility (0°176); the excess must be in the form of picrate in 
solution; this quantity is given in the fifth line of the table. If the 


amount of picric acid present in the form of picrate be subtracted 
from p we obtain the values of u, given in the fourth horizontal line. 
1 Zeitschr. phys. Chem. 15. 188 (1894). 
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Solution 5 is saturated both with anthracene and with 
picrate ; the amount of picrate here present, which is equivalent to 
0:236 —-0:176 =0:060 grms. of anthracene, and therefore amounts 


to 090 =0'137 (since 229 and 178 are the molecular 
weights of picric acid and anthracene), gives the amount of undissociated 
picrate which must be present in all the solutions containing solid 
picrate in excess. This amount may, however, also be calculated from 
solution 10, which is saturated with picric acid and picrate, and 
contains 7°511-—7°452=0°059 of picric acid more than corresponds 
to the solubility of picric acid. This quantity can also only be 
present as picrate, and we thus find for the amount of undissociated 


picrate Inne =0'105. The mean of these two determina- 


tions (0°137 and 0°105) is 0°121; this is taken as the value of u in 
solutions 5-10 with solid picrate present. u, in these solutions is 
naturally calculated by subtracting u equivalents of anthracene from 
the total amount of anthracene present as picrate, and u, is determined 
in a similar manner. 
The theory requires that for all the solutions the expression 
a the 


K ; 
u 


should hold, and, in point of fact, this expression was found constant 
so far as the errors of observations would allow. In solutions 5-10 on 
account of the constancy of u 


U,U. 


Uy = const., 


and for the solutions 1-5 on account of the constancy of u, 
u 
— =\const, 
u 


If we evaporate an alcoholic solution of anthracene and picric acid, 
then according to the ratios of the masses present, either anthracene, 
picrate, or picric acid will separate out—according to which first 
reaches its solubility limit. If we assume that the solution contains 
picric acid in slight excess, then, on evaporation, anthracene will first 
separate. The picrate will only be deposited when the mass of picrate 

3°469 
0°236 
solution. 

In this case both anthracene and picrate will be present in the 
solid state, i.e. u and u, are constant. Hence u, is also constant, 
and the solution remains unaltered on further evaporation. But 


=14°7 times as great as that of the anthracene in 


oo 
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evaporation will cause at first a rise in the concentration of picric 
acid. This can only be counteracted by more anthracene going into 
solution, combining, and then separating again as picrate. In this 
way the anthracene already deposited gradually disappears. When 
the disappearance is complete, only picrate is present in the solid form, 
and we now have a condition such as solutions 6-9 represent. Finally, 
_ on continued evaporation, the solution becomes saturated with respect to 
' picric acid. The solid bodies present are now picrate and picric acid, 
z¢.,u and u, and hence also u, are constant. On further concentration 
the solution remains therefore unchanged, and a mixture of picric acid 
and picrate is deposited until all the alcohol is evaporated off. Thus 
if we know the respective solubilities of the separate ingredients as 
well as the conditions of equilibrium in the solution, we have a means 
within certain limits of crystallising out, and obtaining in pure form, 
_ any desired molecular species. For instance, in order to obtain pure 
_ anthracene picrate, we must crystallise from an alcoholic solution 
. containing a large excess of picric acid. 
_ If the solubility of picric acid happened to be less than 3-401 it 
_ would be obviously impossible for the picrate to crystallise out (ie. 
| excluding supersaturation). Hence it follows that compounds formed 
i in solution cannot necessarily be obtained in the solid form by crystal- 
y 


 lisation. Their constitution in this case can only be ascertained by 


_ acareful study of the equilibrium obtaining in solution. If we treat 
_ the pure picrate with alcohol, its solubility is great enough to cause 
' the resulting solution to become supersaturated with respect to 
_ the anthracene formed by dissociation. Hence solid anthracene is 
deposited, 1.2., the compound is decomposed by alcohol. 

. The behaviour of double salts on crystallisation and solution is very 
_ similar, only here we have the extra phenomenon to deal with, that 
the component salts are usually highly electrolytically dissociated by 
the water.1 


_ Several Phases of Variable Composition—The Vapour 
Pressure of Solutions.—We may now advance a step further and 
consider the case where several phases of variable composition occur in a 
system: these phases may occur in the gaseous or liquid state. 

_ The state of equilibrium which is established between a dilute 
solution of a substance which is not noticeably volatile, and the vapour 
emitted, is completely determined by the formula for the vapour 


which is experienced by the solvent on adding a strange substance, is equal 
to 0 the ratio of the number of dissolved molecules to the number of molecules 
“of the solvent (p. 145). For concentrated solutions, this law is at least 
suitable as a first Ea gastin 

1 See the detailed work of van’t Hoff, Bildung und Spaltung von Doppelsalzen, 
Leipzig, 1897. 
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In the sense of the kinetic method of the consideration of chemical 
equilibrium, we must conceive of this law also in a dynamic way ; 
thus, ¢.g. in the coexistence of a water solution and of water vapour, 
at every moment, as many molecules of water vapour will be emitted, 
from every portion of the surface of a solution, as are precipitated by 
condensation. 

We will now consider that case which is in extreme contrast to the 
last—namely, where only the dissolved substance evaporates from the 
solution, or at least where its volatility is more pronounced than that 
of the solvent ; and where the vapour pressure, exerted by the vapour 
emitted by the solvent and by the solution, is due almost exclusively 
to the molecules of the dissolved substance. When the dissolved sub- 
stance, as such, stands at the same osmotic pressure that its vapour has 
at the same concentration, or in other words, when its molecular con- 
dition does change on evaporation, then, according to p. 148, a 
proportionality must exist between the concentrations of the dissolved 
substance in the two phases of the system considered. 

Under these circumstances, Henry’s law of absorption holds good. 
Let us denote the osmotic pressure of the dissolved substance in the 
solution by 7; and by p, the gas-pressure which the evaporated sub- 
stance has in the space in contact with the solution. Then at constant 
temperature, we have * 

7 = Lp, 
or 
c=LC, 


where c and C are the concentrations in the two phases. 
The proportional factor L we will call the solubility coefficient of the 


respective substance. It has this simple relation to the absorption ! 


coefficient, in that it may be obtained from the latter by multiplication 
by (1 + 0:00366t), where t denotes the temperature of the experiment. 
By the term “absorption coefficient,” according to Bunsen,! is meant 
the volume (referred to 0° and 760 mm. pressure) of the gas which 
is absorbed by unit volume of the solution. 

The proportionality between the osmotic pressure and the gas 


pressure may be easily understood by means of the molecular theory. — 


When the solution is in equilibrium with the vapour in the space above 
it, then at every moment there are as many molecules of the dissolved 


substance emitted by the solution as are precipitated upon it from the | 
gas space. But now since the quantity both of the emitted and of the 
absorbed molecules is proportional to their number, therefore these — 
quantities must also be proportional respectively to the concentration 
in the solution and in the gas space; and there must also be a pro-_ 


portionality between the two latter values. 


It thus becomes obvious how the identity of the molecular weights of | 


1 Gasometrische Methoden, Braunschweig (Brunswick), 1877. 
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the dissolved substance in the solution and in the gas space is a neces- 
-sary condition for the relevancy of Henry’s law; because otherwise 
the number of emitted and of precipitated molecules would not be 
proportional to the concentration. If different molecular species, but 
such as do not react upon each other, are present, they, of course, do 
not have any influence on each other, i.c. each of the different gases 
of a mixture is dissolved as though the others were not present 
(absorption law of Dalton). 


The Law of Distribution.—Moreover, the case where several 
molecular species (which may react chemically upon each other) 
evaporate at the same time, from any selected solvent,—this may like- 
wise be referred to the preceding case by means of a kinetic treat- 
ment, For the method of treatment, which was advanced for the case 
of one molecular species, may be applied unchanged to each of several 
molecular species participating in the chemical equilibrium, which has 
~become established in the solution and in the vapour space above it. 
For in order that equilibrium can be attained it is obviously necessary 
that just as many molecules of each species enter the liquid at any 
‘moment as are driven out—because otherwise equilibrium would be 
continually disturbed. 
We thus arrive at the result, that at w given temperature for every 
molecular species there exists a constant ratio of distribution between a solvent 
and its vapour space ; and this is independent of the presence of other mole- 
cular species, whether the particular molecular species is chemically reactive 
with the other or not. 
4 


The simultaneous Evaporation of the Solvent and of the 

Dissolved Substances.—This case, which, strictly speaking, should 
be considered alone, may be solved by a Gombination of, the laws just 
given. It may be stated as follows :— 
; 1. The partial pressure of the solvent in the vapour which stands 
‘in equilibrium with the solution is equal to the vapour pressure p of 
‘the pure solvent at the respective temperature, diminished by the 
depression occasioned by the dissolved substance; this depression, 
according to van’t Hoff’s vapour-pressure formula, is estimated to be 


n 


PN Gg 


where n denotes ile total number of dissolved molecules, in pro- 
portion to N molecules of. the solvent.” 


| 1? Nernst, Zettschr. phys. Chem. 8. 110 (1891) ; ; see also Aulich, ibid. 8, 105. 

w.? Tf the total pressure changes considerably in the gas phase, it must be remembered 
that the vapour pressure of the solvent changes with external pressure, as will be proved 
thermo-dynamically later. See Book IV., chap iii., ‘‘ Influence of unequal pressures.’ 
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2. The vapour pressure p,, p,- - - of the dissolved substances can 
be calculated from the formule 


Uy 


Tr. A 
Pia Pet, ey Mores, 


if 7, 7, . . . denote the partial osmotic pressures of the particular 
molecular species existing in the solution, and if L,, L, . . . denote 
their respective solubility coefficients. 

The partial pressure of each of the particular molecular species 
in the gas space is, moreover, proportional to the concentration in the 
solution. When no change of the molecular state (i.e. neither disso- 
ciation nor any other reaction between the dissolved and the evapor- 
ating substances) is associated with a change in the concentration, 
either in the solution or in the gas space, then the total pressure of the 
dissolved substances in the saturated vapour is proportional to the 
concentration in the solution. But this ceases to be true when there 
occurs a displacement of the equilibrium existing between the dis- 
solved substances (the displacement being identified with a change 
in the number of molecules), as a result of a change in the c¢oncen- 
tration. 

In order to prove these requirements of my theory, I investigated 
the equilibrium existing between solutions of acetic acid in benzene 
and their saturated vapour. Acetic acid, both in solution and in a 
state of vapour, is a mixture of the molecules (CH,CO,H) and 
(CH,CO,H), ; and since the degree of dissociation changes with the 
concentration, it was anticipated that Henry’s law would not hold 
good for the vapour of acetic acid. 

The measurements of the partial pressure of the vapour of acetic 
acid were accomplished by determining the changes of the boiling: 
point occasioned by the addition of acetic acid to benzene, and were 
exactly measured by Beckmann’s apparatus. 

The partial pressures sought were obtained by the differences 
between the observed changes in the boiling-point and those caleulatec 
from the vapour pressure formula. In the following table, m denote: 
the number of g. of acetic acid dissolved in 100 g. of benzene ; and 
x its degree of dissociation, as is inferred from the boiling-point 
determinations of dilute solutions of related non-volatile acids, and 
calculated for the different concentrations, according to the equatior 
of the isotherm of dissociation, viz. 

mx? 
— = constant. 
ILS 58 
Here p is derived from the changes in the boiling-point, the partia 
pressure of the acetic acid being expressed in mm. of mercury. 
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liquids investigated behaved similarly ; very occasionally a maximum 
or minimum was found in one or both curves. If we plot the mean 
values of the composition of two corresponding solutions we obtain in 
every case a straight line (see diagram), a regularity which is analogous 
to the law of Cailletet and Mathias (p. 228). As the “ critical dolution 
temperature ” can be relatively easily and exactly determined, the 
ordinate which corresponds to the critical temperature, and gives the 
composition at which the two solutions become identical, can be easily 
found by a straight line of interpolation. The direct determination of 
the composition is less simple, because it changes very sharply with 
the temperature in the neighbourhood of the critical solution 
temperature. 

Two liquids, which are mutually soluble to a limited degree, are in 
equilibrium with each other when they have dissolved each other to 
saturation. From this it follows that the saturated vapours emitted by 

' each of the two layers have the same pressure and the same composition. 
For, since the two layers of the mixture are in equilibrium with each 
other, their saturated vapours must be also; for otherwise the 

condition of equilibrium would be destroyed, resulting from a 
distillation process which would change the composition of the two 
layers. This requirement of the theory has been experimentally 
established by Konowalow (p. 107). 

Moreover, the partial pressure of each one of the two ingredients 
must be smaller than that corresponding respectively to each of the 
pure solvents, because each of the solvents has experienced a depression 
of its own particular pressure, by reason of having dissolved some of 
the other solvent. The magnitudes of these depressions depend of 

- course upon the respective molecular weights, and upon the mutual 

- solubilities. They are very small when the solubility is at a minimum, 

as is the case, ¢.g., with water and carbon disulphide. In such cases 

_ the resulting vapour pressure is simply [nearly] equal to the sum of 

_ the two vapour pressures which each of the two liquids respectively 

_ would have independently. 

4 When one of two liquids [A and B] (the mutual solubility of 

which for each other is limited) dissolves still another substance [C], 

then the mutual solubility of the former [A or B] for the other [B or 

A] is diminished, in accordance with the laws of solubility already 

meted (see p. 145). 


q The Distribution of a Rabatance between Two Solvents.— 
' The laws which have already been stated for the evaporation of a 
_ substance existing in solution, 7.¢. for the distribution of a substance 
_ between a gaseous and a liquid phase, may be: applied without further 
remark to the distribution of a substance between two liquid phases. 

Now, by the partition coefficients of a substance between two solvents, 
we mean the ratio of the concentrations which the one substance has in 


Rak y=. oo 
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these two solvents, after equilibrium is established ; and thus, by a 
simple extension of the law developed on p. 491, we arrive at the 
following results, viz. :— 

1. If the dissolved substance has the same molecular weight in 
each of the two solvents, then the partition coefficient is constant for any 
given temperature (compare also p. 149). 

2. In the presence of several dissolved substances, each molecular 
species distributes itself as though the others were not present. | 

3. If the dissolved substance does not exist asa unit, but is influenced 
by dissociation, then law 1 holds good for each of the molecular 
species resulting from the dissociation. This also follows immediately 
from the application of law 2. 

Thus succinic acid is divided between ether and water, with the 
following constant partition coefficient :— 


] 
Cy. | Co. | aut 
: 
0°024 0°0046 | 52 
0°070 0°013 52a 
07121 0°022 | 54 
| 


Here ¢, and ¢, denote the number of g. of acid dissolved in 10 c.c. 
of water and of ether respectively. This was to be expected, because 
succinic acid has its normal molecular weight both in ether and also in 
water, disregarding its very slight electrolytic dissociation in the latter. 
Similar results were found by Berthelot and Jungfleisch! for similar 
cases. 

But, as was to be expected, very different results were found by the 
writer? in the study of the distribution of substances which have 
different molecular weights in the two solvents. Thus, c, and e, denoting 
the varying concentrations (i.¢. the number of g. in 10 cc. of the 
solvent) of benzoic acid in water and benzene respectively, the follow- 
ing results were found :— 


c ¢ 

Cy. Co. = Ve 
0:0150 0°242 0:062 0°0305 
0°0195 0°412 0:048 0°0804 
0°0289 0°970 0°030 00293 


1 Ann. chim. phys. [4], 26. 396 (1872) ; Berthelot, cid. 408. 
2 Nernst, Zeitschr. phys. Chem. 8. 110 (1891). 
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Here we are not concerned with the constancy of the quotient 


1, because the acid has its normal mol. wt. in water (disregarding again 
2 . 
a very slight electrolytic dissociation), while in benzene the double 


molecules preponderate. Now, the number of normal molecules in the 
latter solvent [benzene], according to the laws of dissociation, is 
proportional to the square root of the concentration ; and thus the 


law of distribution requires a proportionality between c, and ./c,; and 


as a matter of fact we find the values of the expression wa } as 
P} 


given, in the last column, very constant. 

This constancy disappears at extreme dilution, because in this 
case the benzoic acid in the benzene is decomposed increasingly into 
single molecules. The writer calculated the degree of dissociation 


_ from the change in al , and thus proved that the equation of the 
c, 
» isotherm of dissociation also holds good for the decomposition, in 
solution, of double molecules. 
L Hendrixson ' has made more exact measurements of this kind and 
' thoroughly established the theory. The following table refers to the 
partition of benzoic acid between benzene and water at 10°; ¢, is the 
number of grms. of benzoic acid contained in the aqueous phase for 
_ 200 grms. of water, c, the corresponding quantity for the benzene 
phase ; ais the degree of electrolytic dissociation in water (see the 
following chapter), c,(1 —«) therefore the quantity of benzoic acid in 
its normal state in the aqueous phase. Taking as the ratio of parti- 
_ tion for normal molecules k=0°700, it follows that the number of 
q normal molecules in the benzene phase is 


[ gel =a) 
E m= —O-700 ” 


the number of double molecules in the benzene phase is therefore 
naturally c,—m. To test the theory the last column gives the dis- 
sociation constant 
2 
Kiso, 

y, €, — m” 
which is found to be constant within the limit of errors of observa- 
tion; this proves both that the dissociation isotherm holds for the 
dissociation of double molecules into simple, and that the simple 

molecules (as also the double molecules) possess a ratio of partition 
independent of concentration or degree of dissociation. 


: Fees anorg. Chem. 18. 78 (1897). 
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! (oe Co. a. e,(1 - a). m. Cg-—m. Pea 
00429 071449 0169 00357 0:0510 070939 0°0277 
00562 02380 07149 0°0474 00677 0-1708 070269 
0'0823 04726 0°125 0:0720 01029 0°3697 070286 
071124 08843 0:104 071007 01439 0°7404 00279 


0°1780 ZAI 0°0866 0'1626 0°2323 1:9454 | 0°0277 
0°2430 4°0544 0°0747 0°2249 0°3213 3°7331 00276 
0°2817 54851 0-0695 0°2621 0°3748 5°1108 . 0°0274 


Mean K=| 0°0277 


In the same way it was found that at 44° 
k=0°477 K S019 


Application of the Law of Partition to Determination of 


Chemical Equilibrium.—Just as on p. 486 the solubility was 
applied to determine the ratio in which the different species of mole- 
cules take part in equilibrium, so we may make use of a partition of a 
substance between two solvents for the same object. This has been 
done practically in the table in the foregoing paragraph ; the following 
examples, which illustrate the application of this method to more 
complicated cases, show that the law of partition has a certain advantage 
as compared with the principle of constant solubility in application to 
such cases, for the latter refers only to a single concentration, namely 
that of saturation, whereas the former is not so limited. 

1. Bromine is shared between water and carbon disulphide in a 
constant ratio, the molecular weight corresponding to the formula Br, 
in both solvents. If potassium bromide is added to the water, it is 
found that a considerably larger amount of bromine passes into the 
aqueous layer. This quantity must be used in forming a new species 
of molecule ; Roloff,! who, at my instance, first made use of the law of 


partition to study chemical equilibrium, was able to show that bromine — 
forms, by addition of potassium bromide, the electrolytically strongly 


dissociated salt K Bry. 

2. The ratio of partition of chlorine between water and carbon 
tetrachloride varies considerably with the concentration. This, as was 
shown by A. A. Jakowkin,? depends upon the fact that chlorine acts 
on water according to the equation 


Cl, + H,O = HCl + HCO. 


1 Zeitschr. phys. Chem. 18. 341 (1894). The corresponding investigation on the 
formation of potassium triodide has been carried out by A. A. Jakowkin (see ibid. 20. 
19, 1896). : 

2 Ber. deutsch. chem. Ges. 30. 518 (1897); Zeitschr. phys. Chem. 29. 613 
1899). 
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: 
If the amount of unchanged chlorine is used for the calculation, a 
constant ratio of partition is arrived at; in calculating this the electro- 
lytie dissociation of the hydrochloric acid formed must be taken into 
account. 


- Adsorption Equilibrium.—Just as the partition of a substance 
between two solvents leads to an equilibrium, so also does adsorption— 
equilibrium generally being reached quickly and exactly. Freundlich ! 
found the empirical relation : 


1 
= = Bo? eae. CS (HY 


where y is the mass of adsorbed substance, m that of the adsorbent, ¢ 
the concentration of the unadsorbed portion in solution, and 8 and p 
are constants. For example, W. Biltz? showed that the adsorption of 
arsenious acid by freshly precipitated iron hydroxide could be expressed 
by the relation: 


Y = 0-631 


aye 


: 
_ (y =mass of adsorbed acid, x that remaining in solution). This table 


x found. x eale. y- 
0-010 0-010 0°251 
0°107 0°123 0°415 
0°495 0°498 0°549 
0°952 0°88] 0°615 
1°898 1°826 0-712 
3°875 3°740 0°824 


brings out clearly a characteristic of all adsorption phenomena: the 
_ percentage adsorbed of the total amount of substance is greater, the 
more dilute the original solution. A well-known example of this is the 
adsorption of gases by charcoal at very low temperatures; if the 
original pressure of the gas is extremely small, a practically absolute 
vacuum can be obtained (Dewar). At the same time, the above 
relation shows that the adsorbent is not simply a solvent for the 
adsorbed material. or if this were true, arsenious acid would have 
_a molecular weight in iron hydroxide, one-fifth of that which it has in 
‘water (partition law). In water, however, its molecular weight is 
practically normal ; the assumption of so large a dissociation in iron 
hydroxide is therefore untenable. No theoretical interpretation has 
pret been given to the above relation. Freundlich (J.c.) has also shown 


2 Zeilschi. phys. Chem. 5'7, 385 (1907). 
2 Ber. deutsch. chem. Ges. 3'7. 3138 (1904). 
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that it is derived from a differential equation, which i equally incom- 
prehensible from a theoretical point of view. He has replaced this by 
another : 

oh OR 

ae y : 
(v = volume of solution) ; this means that if a small fresh amount of 
adsorbent is added to a solution in adsorption-equilibrium, then the 


- 


increase of adsorbed substance is proportional to its concentration in ° 


the solution(*), The factor X can be empirically expressed as a 


1 
Ne a(** z) “i 
Vv 


1 baie 
where a, and — are characteristic constants for every substance, and 
n 


function of (x+y) and v: 


independent of the temperature. Integration gives: 


1 
Sin eal =" | . in 


m x Vv 


and it is not difficult to show by evolution in series that this equation 
is identical with (1) up to terms of high order. It agrees with 
observations as well as (1), and has the advantage that it is derived 
from a differential equation capable of a theoretical explanation. 


The Freezing of Solutions and Crystallisation from 
Solutions.—The separation of solid substances from solutions, in 
many respects, may be compared with the process of the evaporation 
of a mixture, z.¢., the separation of one of its components in the gaseous 
form. When this process results in the precipitation of that ingredient 
of the solution which is present in excess, 7.¢. the solvent, it is called a 
freezing of the solution; and when it results in the separation of the 
substance dissolved, then it is called a crystallising out of the substance 
dissolved. The processes of freezing and of crystallising out are 
both to be considered from the same point of view; and if we are 
not dealing with dilute solutions, where one ingredient is present in 
large excess, but with a mixture, where both ingredients are present 
in about the same proportions, then we are in actual doubt whether 
the separation should be regarded as a freezing or a crystallising out. 

Now it is probable that neither ingredient is ever separated in an 
absolutely pure form, but that there crystailises out an isomorphous 
miature containing both ingredients, just as every solution emits a vapour 
which is a mixture containing both ingredients. 

But experiment shows that usually one ingredient preponderates 
so much in the product which is crystallised out, that we may practi- 
cally regard it as a separation in a pure form. Then, according to this 


ae ae i 
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conception, the two cases which are distinguished above are to be 
regarded as only two limiting cases of the many which occur in nature ; 
and in fact examples are known, though they are not very numerous, 
where the solvent and the dissolved substance crystallise out from the 
solution in an isomorphous mixture (pp. 163 and 277). 


The Freezing-Point of Dilute Solutions.—There is no difficulty 
in solying the case where the pure solvent freezes out from a dilute solution. 
For the condition of equilibrium between the solidified solvent and the 
solution is completely made known by means of the laws which have 
been already described (p. 146). These laws may be formulated as 
follows :— 

1. The addition of a foreign substance lowers the freezing-point 
in all cases. 

2. The depression of the freezing-point of the solvent, occasioned 
by the addition of a foreign substance, is, in most cases, proportional 
to its concentration (Blagden); in all cases, namely, where the 


_ dissolved substance exists in the solution in its unit molecules, i.e. 


when there is neither dissociation nor polymerisation (van’t Hoff). 
3. The depression t of the freezing-point, occasioned by the addition 
of a foreign substance whose mol. wt. is M, is 


m 
t= Ey ; 

where m denotes the number of grams of the foreign substance in 100 

g. of the solvent; E denotes the molecular depression of the freezing-point, 

i.e. the depression occasioned by the addition of 1 g.-mol. of the 

foreign substance to 100 g. of the solvent ; it varies with the particular 

solyent used (Raoult). 

The molecular depression of the freezing-point may be theoretically 
calculated from the melting-point T, on the absolute scale, and from the 
heat of fusion r, expressed in g.-cal per g. of substance, from the 
formula (van’t Hoff), 


These laws make it possible to ascertain by calculation, from the 
known concentration of the solution, that temperature-point at which 
(under atmospheric pressure) the solution and the solidified solvent 
may exist together in stable equilibrium. 

The influence of pressure on the freezing-point of a solution has not 
as yet been experimentally studied; but it may be anticipated that 
the lowering of the freezing-point experienced by the solvent on the 


_ addition of a foreign substance is practically independent of the 


external pressure. The laws formulated above strictly hold good 
only for dilute solutions, and in concentrated solutions (¢g. 10 to 20 
per cent) they merely serve as approximations. 
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‘ 
The Crystallising out of Dissolved Substances.—Reference 
has already been made (p. 484) to the condition of equilibrium which 
prevails when the dissolved substanée is separated in a pure form. 
Here we will merely show the connection of the preceding section 
with the new point of view to which we have attained. Thus, e.g. we 
may conceive of the condition of equilibrium between a solid salt and 
its saturated water solution in this way ; that the freezing-point of 
the solid salt is depressed by the presence of the water to the 
temperature of the saturated solution. Thus, while on the one hand 
we may justly parallelise the process of solution with that of evapora- 
tion, there is also, on the other hand, an undeniable analogy with the 
melting of a solidified solvent in presence of its solution. 


The so-called “ Cryohydrates.”—If we cool sufficiently a water 
solution in contact with a solid salt, we finally arrive at the freezing- 
point of the saturated solution, where, with the separation of ice, 
there is also associated a separation of the salt existing in the solution. 
At this temperature-point there is precipitated a mechanical (not a 
really isomorphous) mass (the eutectic mixture, p. 120), containing ice 
and the solid substance, in those proportions which correspond to the 
particular concentration of the saturated solution. This temperature- 
point is determined by the intersection of the solubility curve of the 
salt in question, with the curve which represents the dependence of 
the freezing-point of the solution upon its concentration. Such a 
solution does not change its composition by fractional freezing, and it 
must, therefore, have a constant freezing-point, 7.¢. one which is 
independent of the quantity frozen out.! 


The Equilibrium between Liquid and Solid Solutions.— 
The most general case, where an isomorphous mixture of the solvent 
and of the dissolved substance crystallises out of the solution, gives us 
a system in which a solid and a liquid solution are in equilibrium 
with each other. 

We may distinguish the following cases of equilibrium correspond- 
ing to the degree of miscibility of the solid substances :— 

1. The two salts” may form isomorphous mixtures in all propor- 
tions : then in crystallising out a common solution of both salts, mixed 
crystals of every composition could be formed. 

2. The series of mixtures of the two solid salts is not continuous. 
Then the two inner members must be in equilibrium with each other, 
in a way similar to the equilibrium between two mutually saturated 
liquids (p. 494); and, therefore, for exactly the same reason that the 


| Amongst the more recent work see especially the investigation of Roloff, Zettschr. 
phys. Chem. 1'7, 325 (1895). 

2 Of course, what is said above respecting salts may be applied without as 
remark to other substances. 
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two mutually saturated liquids are in equilibrium with vapour having 
the same composition, these two inner members must be in equilibrium 
with the same saturated solution. 

In fact, Roozeboom ! succeeded in verifying this experimentally by 
mixed solutions of potassium and thallium chlorates. If solutions of 
thallium chlorate which contain increasing quantities of potassium 
chlorate are allowed to crystallise, at first there appear mixed crystals 
containing the thallium chlorate in excess. The greater the quantity 
of the potassium salt added, the larger is the proportion of this 
substance contained in the mixed crystals. But when the proportion 
of the potassium salt in the mixed crystals has reached 36°3 per cent, 
then there appear also mixed crystals which contain 98-0 per cent of 
the potassium salt, 7.¢. the same solution is at the same time in 
equilibrium with these two inner members of the series of mixtures. 
If the proportion of the potassium salt in the solution is carried 
further, then there separate only mixed crystals which contain more 
than 98 per cent of the potassium salt. 

The phenomena observed on evaporating the solution of these two 
salts are thus completely analogous to those observed on the condensa- 
tion of a mixture, ¢.g. of ether and water vapour. 

3. If a double salt is found in the gap of the series of mixtures, 
then, from solutions of the one salt, by successive and increasing 
additions of the other, there separate—/irstly, the mixed crystals on 
one side [of the gap] of the series of mixtures ; then, secondly, when a 
definite concentration is reached, at the same time there appear both 
the inner end member of the first mixed series and also the double 
salt ; then, thirdly, within a certain concentration interval, the double 
salt alone appears; then, fourthly, at a definite point, the double salt, 
and at the same time the inner end member of the second series of 
mixtures ; and finally [with increasing addition of the second salt], 
the successive mixed crystals of the second series alone. An example 
of this kind is found in Roozeboom’s? investigation of the crystallisation 
of solutions of ferric and ammonium chlorides. 

There is thus often a complicated series of stable solutions, and it 
is necessary in referring to a saturated solution to state the solid 
substances present. 

All that we know at present about the case where a Bilnid solad 
solution takes part.in the equilibrium, shows that the same laws hold 
good which we have learned in the foregoing sections regarding the 
equilibrium between phases of variable composition, which are com- 


posed of gases or of dilute liquid solutions. Especially the laws 


regarding the distribution of a substance between two solvents hold 


| good also for this case.* 


1 Zeitschr. phys. Chem. 8. 504 and 530 (1891). 2 Ibid. 10. 145 (1892). 
% See further the literature mentioned on p. 277 and the observations of Muthmann 
and Kuntze, Zettschr. 7. Kristallographie, 23. 368 (1896). 
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An interesting application of these laws appears to be possiblein the 
’ theory of dyeing processes. According to O. N. Witt,! the absorption 
of the colour by the fibre consists in a solution of the dye-stuff im the fibre, 


i.e. in the formation of a solid solution. 


Of the many reasons which Witt has adduced for the plausibility 


of this view, it should be mentioned that the coloured fibre does not 
show the colour of the solid dye-stuff, but of the dissolved dye-stuff ; 
thus, ¢.g., fibres coloured with fuchsine are not coloured a metallic- 
green, but red. Rhodamine does not fluoresce in the solid state, but 
in solution; but silk, coloured with rhodamine, shows a clear fluores- 
cence, which argues for the view that the colouring matter exists in 
the dissolved state. 


In the sense of these views, the colouring process is completely 


comparable to the shaking out of a substance from a water solution by 
any other solvent, as by ether, carbon disulphide, ete. 

Further, the fact that the same dye-stuff may introduce itself into 
different fibres, producing different colours, is completely analogous to 
such cases, as where iodine, ¢.g., is dissolved in different’ solvents, 
producing different colours. 

The nature of the so-called ‘adjective colours” was thus explained 
by Witt, viz. that the associated mordant is first dissolved by the 
fibre, and then, in its turn, dissolves the dye-stuff, as a result of a 
chemical action, as it diffuses into the fibre ; and thus there results an 
increase of the solubility of the dye-stuff in the fibre. 


Probably when the yarn takes up colouring matter adsorption phenomena 
occur and perhaps even chemical processes, so that it is not a simple case of 
the partition of a substance between two solvents; this is evidenced by the 
abnormal values obtained in attempts to ascertain the molecular weight of 
the substances absorbed by the yarn by means of the partition laws.? 

Similarly no theoretical conclusions can be made about the carrying down 
of dissolved salts by precipitation of oxides, sulphides, and the like—so 
important in analytical chemistry. This phenomenon occurs exclusively 
with colloidal (amorphous) precipitates. The observations of van Bemmelen,* 
Linder and Picton,* and Whitney and Ober show that there must be some 
chemical combination of the salt with the colloidal precipitate, 


The Most General Case.—Finally, the following very general 
case will be considered. 

Let there be a reaction between a number of vaporised substances, 
which are at the same time dissolved in any selected solvent, and let 
the reaction proceed according to the scheme 


) Férberzeitung, 1. (1890-91). Ref. in Zeitschr. phys. Chem. 7. 98 (1891), also in 
the Jahrbuch der Chem. 1. p. 18 (1891), and very thoroughly in the Chem. Zentralbl. 
2. 1039 (1891). 

2 See the literature mentioned on p. 124, and also Zacharias, Zeitschr. phys. Chem. 
39. 468 (1902), and Kaufler, ibid. 48. 686 (1903). 

8 Zeitschr. anorg. Chem. 28, 321 (1900). 4 Chem. Soc. Jowrn. 67, 63 (1895). 

5 Zeitschr. phys. Chem. 89. 639 (1902). 
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Yi mop |: . =n, A; +n, A, + 


} 

|| That is, let n, mols of a substance A,, and n, mols of a substance A,.. ., 
etc., unite to form n,’ mols of a substance A,’, and n,’ mols of a sub- 
stance A, . . ., ete. Let equilibrium be established when the partial 
| pressures of the particular molecular species are respectively p,, 
(Pp - + + Py>s Po - - -, and when their concentrations in the solution 
a amount respectively to ¢,, ¢,.. ., CC, - 

| Then the application of the Guldberg- -Waage law of chemical mass- 
action gives the two equations— 


1 
1 


PrP ss 

ay ew = K’ . . . (1) 
Pi 7 P.™ 

Ce ee Re Me 2 
8 re )) 
Cie Conse yn 


_ Here K and K’, the reaction coefficients, depend only upon the 
temperature. 
The law of distribution gives us several equations, viz. 


G=Pik, C=Ppk,-.-, ¢ =P ky, c =pPyky . (3) 


| Here k,, k,..., k,, k, . . . denote respectively the solubility co- 
|| efficients of the particular molecular species; and these again depend 
| only upon the temperature. 
: From reactions (1) to (3) we obtain 
meen 5. 
k= Kk eo, ; (4) 
_In most cases the solubility coefficients of a molecular species for 
"| any solvent may be directly determined, and this information allows 
} one to say beforehand how a number of substances will react on each 
_ other in any solvent, provided that their reaction capacity in the gaseous 
_ state is known, and conversely. 
Of course a similar relation holds good for the partition coefficients. 
_ When solid substances take part in the equilibrium, their active mass 
is constant,! and the same is true of reacting molecules, which at the 
same time play the réle of solvents (p. 469). Therefore, we may 
"state the following general theorem :— 
Tf we know the coefficients of equilibrium of a reaction which progresses 
|| to a fimish at a definite temperature, and in any selected phase ; and if we 
know the partition coefficients of all the molecular species with reference to 
|| another phase ; then the condition of equilibrium is also known in the second 
|| phase at the sume temperature. 
This theorem should have great practical significance, because it 
enables us to anticipate, from the partition coefficients, the reaction 
|)\ capacity in the most various solvents or in the gaseous state, after we 


1 Provided that these form no mixed crystals, double salts, or the like. 
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have studied it in one particular phase; and thus the problem of 
“dissociating force” (p. 468), or even of the influence of the medium 
is referred to the simpler one of the.study of the partition coefficients, 
and of the relation of these to the nature of the substance in question, 
and to the particular phase under consideration. 


Applications.—The vapour above a mixture of acetic acid, alcohol, 
water, and ester in equilibrium must also be in equilibrium; hence the 
relation 

Ester x water 

Alcohol x acid 

must hold for the vapour also; but the constant in the gaseous phase will 

in general have a different value to that for the liquid, The experimental 
verification of this law would be not without interest. 

Kuriloff! made a very thorough investigation of the above general 
theorem, the results of which we will calculate in a .somewhat different 
manner to the author. The investigator mentioned determined the 
equilibrium of solid $-naphthol-picrate in contact first with water and 
then with benzene, and also the ratio of partition of the reacting molecules, 
so that all the data necessary for testing the theory are available. 

The equilibrium in water was determined by solubility measurements 
in the same way as in the example of anthracene picrate given on p. 486. 
The solution contains 6:09 free B-napthol and 8°80 free picric acid, besides 
1:20 of picrate when the latter substance was present in the solid state, 
The numbers are in thousandths of a mol per litre, The picrice acid under these 
circumstances is electrolytically dissociated to the extent of 94°67; hence 
the product of the free naphthol and the free undissociated picric acid is 

[Po = 6:09 . 8°80(1 — 0-946) = 2°89. 

Further, the coefficients of partition of the two latter species of molecule 
between benzene and water are 67 for naphthol and 39 for the undissociated 
molecules of picric acid. Hence in benzene the value must be 

Py Pe = by Pg 87 . 39 = 7550, 
and when both species of molecules are present in equivalent quantities 
their concentrations must be 
Cy = Py’ + Py = 86°9. 

Now the solubility of the picrate in benzene is 104:5; hence the 

saturated solution of this substance must be dissociated to the extent 


= const. 


% 
1045 ~ 0°83 | 
whilst measurement of the equilibrium by means of solubility, with excess — 
of one or the other component, gives 0°64 to 0°85 for the degree of dissocia- 
tion of the saturated solution, 

Thus from the dissociation of! the aqueous solution saturated with 
picrate, and from the ratio of partition of the components, we can calculate 
how much dissociated substance is contained in a saturated solution of 
picrate in benzene. 


1 Zeitschr. phys. Chem. 25. 419 (1898). 


CHAPTER IV 
CHEMICAL EQUILIBRIUM IN SALT SOLUTIONS 


The Reaction Capacity of Ions.—lIn the preceding chapter we 
have become familiar with the general theory of chemical equilibrium 
in any selected system, and regarding the dependence of this equilibrium 
upon the relative quantities of the reacting components. But there 
is one case which we have not as yet considered: viz. the part played 
im the reactions by the free tons, i.e. the study of water solutions of electro- 
lytes, or in short, of salt solutions. A special chapter is devoted to 
the consideration of salt solutions, partly for the purpose of a general 
view, and partly to show that when the law of mass-action is applied to the 
study of salt solutions, then the hypothesis of electrolytic dissociation becomes 
an imperative necessity, at least, according to the present state of our 
knowledge. 

From the standpoint of the hypothesis of electrolytic dissociation 
(p. 353), the whole question is at once solved by the simple conclusion, 
that the free tons must participate im reactions in proportion to their con- 
centration (their actiwe mass), just like every other molecular species. With- 


: out the introduction of any new hypothesis, we are now in a position to 


handle the chemical equilibrium between substances, which conduct 


t electrolytically, in just the same simple manner which was employed 


in considering the reactions between those molecular species which 


"were exclusively electrically neutral. 


And thus nothing that is especially new in principle is contained 


_ in the following paragraphs, but many new and surprising applications 
_ of the law of Guldberg and Waage will be given. 


The great honour of giving this point of view its proper value 


4 belongs to Arrhenius. 


Electrolytic Dissociation. When a molecular species A, which 


is electrically neutral, decomposes into ions, thus 


Pee DAG MyAg Fi.) 9.5 


" the law of mass-action requires that 


ERC See Maen, 
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where ¢ denotes the concentration of the undissociated part, and 
C4, C, .. . etc, the respective concentrations of the products (ions) 
resulting from dissociation, and K, .as usual, denotes the constant of 
dissociation. Of course, the ions are always produced in quantities 
which are electrically equivalent. For a binary electrolyte, we have , 


then since 


when a denotes the degree of dissociation, and V the volume contain- 
ing 1 mol of the electrolyte ; we obtain 


KV(1 - a) =a, 
from which it follows that 
pe a. Og 
a= =" \V KV ; 
Two methods (p. 360) are already known to us for the determina- 
tion of a; viz. the measurement of the osmotic pressure (the freezing- 


point, etc.), and the measurement of the electrical conductivity; the 
latter is much more exact, and depends on the formula 


This formula, which was first experimentally proven by Ostwald,’ 
by application to electrolytic dissociation, was established with the 
best results for a large number of organic acids. The following table, 
given by van’t Hoff and Reicher,” may serve as an illustration :— 


THe Monecunar Conpvuctivities or Acetic Actp av 14:1°." 


Vv. A. 100 a Obs. 100 a Cale. 
0°994 127 0°402 0°42 
2°02 1°94 0°614 0°60 
15°9 5°26 1°66 1°67 
18°1 5°63 178 1°78 
1500 46°6 147. 15°0 log K=5'25 -10 
3010 64°8 20°5 202 
7480 95°1 30°1 30°5 
15000 129 40°8 40°1 
[co 316 100 100) 


1 Zeitschr. phys. Chem. 2. 86 and 270 (1888); see also Planck, Wied. Ann. 34, 139 
(1888). 
2 Zeitschr. phys. Chem. 2.779 (1888). 
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The coincidence between the degree of dissociation—as determined 
by the conductivities, and as calculated according to the theoretical 
formula, where K = 0:0000178—is very remarkable. 

Inasmuch as the same form of the isotherm of dissociation holds 
good for the ordinary binary, and also for the electrolytic, dissociation, 
therefore the laws developed (p. 465) for the former also apply to the 
latter. 

In particular when the dissociation is but slight, the concentration of the 
ions (and therefore of the conductivity also), of a binary electrolyte, is pro- 
portional to the square root of the total concentration. 

’The formula does not hold for highly dissociated acids and salts. 
This is perhaps to be ascribed partly to the fact that the determina- 
tion of 

Ak 
Sn Ol ag pee 
ie.6) 
is exposed to great uncertainty, on account of the smallness of the 
difference between X,, and A; here, most probably, for reasons 
unknown at present, the electrical conductivity is not a perfectly 
exact measure of the degree of dissociation. An explanation of this 
point would be exceedingly important, but it has not been forth- 
coming as yet. 

The practical use of the law of mass-action is scarcely affected by 

those comparatively slight exceptions. 


- According to M. Rudolphi,! in strongly dissociated electrolytes the 
on ; ae 
expression a-a J¥ is much more constant than Goer and for analogous 
compounds possesses somewhat similar values. Van’t Hoff? a little later 
: e 
is 


C : ai ‘ 
pointed out that the expression eave or the square of it @—apv 


equally or more constant than that of Rudolphi. Considering that 


l-a . 
ue Cy wr 


C= 
we have 


¢,8 
—> = const. 
C2 He 


| that is, the third power of the ionic concentration is proportional to the square 
|| of the wndissociated molecules, As F. Kohlrausch? showed, van’t Hoff’s 


: expression may also be put in the form that the ratio of the concentration 
of the undissociated molecules to that of the ions is proportional to the 


mean distance between the undissociated molecules. 


The above equations are purely empirical; in reality the law of mass- 


| 
1 Zeitschr. phys. Chem. 1'7. 885 (1895). 


2 Ibid. 18, 300 (1895). 
3 Ibid. 18, 662 (1895). 
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action probably holds good, for apparent anomalies may be caused by a slight 
combination of ions and neutral molecules in water. 


Electrolytic Dissociation and Chemical Nature.—The 
question now arises,—How does the degree of the electrolytic dissocia- 
tion depend upon the nature of the respective electrolyte !—a question 
which is all the more important because the reaction-capacity depends, 
in a very pronounced way, upon the degree of dissociation. In what 
follows, there will be grouped together some of the most important 
rules thus far recognised in this region of work ; a knowledge of these 
rules will serve, in a remarkable way, to elucidate the general view of 
chemical equilibrium in salt solutions. 

1. The salts of the alkalies, of ammonium, of thallium, and of silver, 
with monobasic acids, in dilute solutions and at equivalent concentrations, are 
dissociated to the same degree ; and, moreover, are highly dissociated, as 1s 
shown by the figures for potassium chloride, given on p. 361. 

2. On the other hand, the greatest differences are found among 
the monobasic acids and the monacid bases. Thus, some substances, like 
acetic acid, ammonia, etc., in tenth-normal solutions, are dissociated 
only to a small percentage ; while other substances, such as hydro- 
chloric acid, potassium hydroxide, etc., are as highly dissociated as the 
salts enumerated above. 

3. Certain electrolytes, such as zinc sulphate, cupric sulphate, etc., 
which on dissociation are cleaved into only two ions, but each with doubled 
electrical charges, are comparatively much less dissociated ; zine 
sulphate and copper sulphate, in a concentration of 1 mol per litre, 
are dissociated only about 25 per cent (see also p. 362). 

4. The behaviour of those electrolytes which dissociate into more than 
two ions, is much more complicated. According to what is known at 
present, in general, a dissociation in stages seems to take place. Thus 
sulphuric acid does not decompose all at once into the SO, group 
with a double electronegative charge, and two hydrogen ions, each 
with a single electro-positive charge ; but the decomposition rather 
progresses according to the two following equations— 


I. H,SO, = HSO, +H. 
II. HSO, = SO, i. 


The decomposition is similar in the case of such substances as 


BaCl,, K,CO,, ete. 
In general this law holds good here, viz., salts which have an 
analogous composition, im equivalent solutions are dissociated electrolytically 


to the same degree. But this latter law is by no means a rule which 


holds good without exception ; thus the chlorides of calcium, strontium, 


barium, magnesium, and copper are dissociated nearly to the same — 
extent ; but the chlorides of cadmium and of mercury, though of — 


(Se ne a ee h|6lUr 4 
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analogous constitution, are cleaved into their respective ions much less 
strongly, 


+ = + - 

For dissociation such as PbCl | Cl, K | KSO, etc, it may be assumed 
with considerable probability that it follows the rule of binary neutral salts, 
such as potassium bromide. Won Ende! has recently demonstrated this 
experimentally in the case of lead chloride. 


5.. Many polybasic acids, within a wide concentration interval, act 
like monobasic acids, i.e. the equation of the isotherm of dissociation, 
which was developed on p. 508, for binary electrolytes, is also applic- 
able to them. It is only at extreme dilution that these polybasic 
acids begin to separate the second, the third, etc., hydrogen ions. 

The fact that extensive dilution is always required in order to 
separate the last hydrogen ions, would indicate that it is increasingly 
difficult for the acid residue to assume the last quanta of negative 
electricity. 

6. Electrolytic dissociation, as compared with ordinary dissocia- 
tion, changes with the temperature but slightly; for with rising 
_ temperature, it sometimes slowly diminishes, sometimes increases,—in 
contrast to ordinary dissociation, which always rapidly increases with 
the temperature. 

These rules, as shown by Ostwald,? may be well applied to the 
determination of the basicity of acids. Since the state of dissociation, 
e.g. of a sodium salt, varies in a characteristic way with the basicity of 
| the respective acid, therefore the simple study of the conductivity, in 
| its dependence upon the concentration, may be directed to the explan- 
| ation of this point. Of course the same question may be decided by 
_ the measurement of the depression of the freezing-point. 


The Strength of Affinity of Organic Acids.—It is to the 
_ extended researches of Ostwald? that we are chiefly indebted for our 
| knowledge of the relations prevailing here ; he, in common with his 
| students, has given especial attention to the problem, how does the 
capacity of organic acids to dissociate electrolytically depend wpon the 
structure of the particular radical? Unfortunately not enough space is 
available to consider in detail the many interesting points which have 
| been developed by research in this region; and it will be merely 
mentioned that the dissociation constants, or as they will also be called, 
for reasons to be given below, the uffinity strengths (which, as shown 
' on p. 508, can be ascertained with the greatest exactness), vary 
| in a most pronounced way with the constitution of the acid radical. This 
| relation to the constitution has not as yet been explained, so as 


1 Dissertation, Gottingen, 1900. : 
2 Zeitschr. phys. Chem. 1, 74 (1887) ; 2. 901 (1888). 

' % Jour. pr. Chem. 81, 438 \(1885) ; Zetschr. phys. Ohem. 3. 170 (1889) ; Walker, 
_ ibid. 4. 319 (1889) ; Bethmann, ibid. 5. 385; Bader, ibid, 6, 289 (1890) ; Walden, 
| ibid. 8, 435 (1891) ; Bredig, ibid. 13, 289 (1894). 
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to allow the value of the dissociation constant to be numerically 
derived from the constitution ; our knowledge thus far is limited to 
the recognition of the regularity of the influence exerted by the 
substitution of certain radicals. 

According to this the radicals may be divided into negatwe and 
positive, according as they favour the assumption of a negative anionic 
charge (acids) and therefore hinder the positive cationic charge, or 
vice Versa. 

The following substances act negatively: aromatic radicals (e.g. 
C,H,), hydroxyl, sulphur, halogens, carboxyl, and cyanogen ; positively : 
fatty radicals (¢.g. CH,) addition of hydrogen, and especially the 
amido group. 

This appears from the affinity constants of the following series of 
acids :— 


100 K 
Acetic acid CH,COOH . : : 0-00180 
a-Toluic acid CH,(C,H ;)COOH 5 é 0°00556 
Glycollic acid CH,(OH)COOH . ‘ : 0°0152 
Thiacetic acid CH,COSH ; - , 00469 
Chloracetic acid CH, 2CICOOH . ; : 0°155 
Tri-chlor-acetic acid CCl,cCOOH : : 121 
Malic acid OH,(COOH )COOH ; : ; 0°158 
Cyanacetic acid CH,(CN)COOH : ; 0°370 
Propionic acid CH,(CH;)COOH ; : 000134 
Glycocol CH,(NH,)COOH ; ; : very small 

and of bases :— 

Ammonia NH,OH : 4 . : 0°0023 
Methylamine NH,(CH,)OH : : 4 0-050 
Benzylamine NH,(CH,C,H;)OH : : 0°0024 
Aniline NH,(C,H;)OH . : 0-000000011 


The spacial position of the substituent in the molecule is of consider- 
able influence on its action ; the nearer the substituent is to the point 
at which the ionic charge is taken up the more effective it is ; thus we 
have 100 K in 


o-nitrobenzoic acid 0°616 +m-nitrobenzoic acid 0°0345 
Trichloracetic acid CCl, . COOH 121 Trichlorlactic acid 
Acetic acid  CH,. COOH 0-00180 ~ Lactic acid 


CCl;. CHOH . COOH 0-465 
CH, .CHOH .COOH  0-:0138 


Benzylamine O,H;CH, NH,OH 0:0024>Toluidine CH,C,H,NH 30H © 
circa 10-12 
Oxalic acid COOH-COOH 10> Malonic acid CO,H.CH,.CO, H 0° 1584 | 


>Succinice acid CO,H.CH,.CH,.CO,H 0:00665 


We have already met on p. 341 with similar relations in consider- — 
ing the influence of substituting radicals on the absorption of light in — 
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the chromophore. It is obvious that the affinity constants are of 
considerable importance for stereochemistry ; they have indeed been 
repeatedly used with success in that connection. 


. The behaviour of the dicarboxylic acids is especially interesting: the 
distance between the two carboxyls is the determining factor between the 
isomeric maleic and fumaric acids, as in the previous case of oxalic, malonic, 

. and succinic acids; these constants are for 
H.C.COOH bie f .C. COOH 


HG. COOH 1:17 > Fumaric acid 0:09 ; 


Maleic acid uit Ca 


on the other hand the dissociation of the hydrogen ion of the second carboxyl 
group occurs much sooner in fumaric acid than in maleic, which dissociates 
'» as a monobasic acid only up to more than 807/. The explanation of this 
| given by Ostwald! lies in the electrostatic repulsion between a negative charge 
and another of the same sign so that the charge due to dissociation of the 
first hydrogen ion hinders that of the second more effectively the nearer the 
_ two carboxyls stand, since on dissociation they acquire similar charges. 


The principle which is at the foundation of the investigations 
| briefly described above, and to which reference has already been made 
j (p. 291), consists in the study of the mutual influence on the reaction 
capacity of different elements or radicals in the molecules. 'The measurement 
of the electrolytic dissociation constant of an acid, as will be shown 
_ clearly below, consists merely in the determination of the reaction 
_ capacity possessed by the “acid hydrogen” in water solution. 

id Instead of studying the reaction capacity of “acid hydrogen” we 
© could study the reaction capacity of another element or radical in the 
molecule: but here the problem is to find out a method to determine the 
reaction-capacity with satisfactory sharpness, and under conditions which are 
- suitably comparable. Comparable conditions may be obtained most 
easily by determining the reaction-capacity in the same solvent. The 
quantitative determination of the reaction-capacity of the radical in 
question, may be accomplished by the measurement of a suitable 
| chemical equilibrium. Thus it would be very interesting to study in 
| an extended way the question of the capacity of the nitrogen bases to 
fix hydrochloric acid or any other acid ; this could be done very easily 
by means of a method like that of Jellet (p. 462), since one could 
allow an optically active base to compete for the acid at the same time 
_ with the base to be investigated. 

; It should be remarked, as a matter of history, that Menschutkin 
'(p. 460) was the first to attack a problem of affinity in an extended 
way; perhaps the results of his extended investigations would have 
been greater, if he had studied the state of equilibrium of the esterifica- 
| tion under conditions which were more neatly comparable, ¢.g. in a 

suitable solvent. 


1 Zeitschr..phys. Chem. 9. 553 (1892). 
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Finally, there are here appended some of the most important 
affinity constants of the acids investigated by Ostwald. 


Acid, ; 100 K. 

Malic acid C,H,(OH)(CO,H), . : : : 0°0895 
Formic acid HCOOH . : : j 0°0214 ° 
Benzoic acid C,H; . COOH ; : Z ‘ 0°0060 

B Butyric acid C,H;. COOH iz. ; 0-00149 
Lactic acid CH,CH(OH)COOH . ; : : 0°0138 
Salicylic acid C,H,(OH) . COOH : : : 0°102 
Cinnamie acid CH(O, Silay, Olek, COS Stee ; 0°00355 


Walker! has measured certain very weak acids, making use of 
exceedingly pure water for the conductivity (indirect methods for 
determining the dissociation of extremely weak acids will be given 
below) ; acetic acid is taken for comparison : 


K 1010 
Acetic acid C,H,0, —- H f : E 180000 
Carbon dioxide HCO, - H ; F 3040 
Sulphuretted hy snogen HS-H : : 570 
Boric acid H,BO,—H . : : ; 17 
Hydrocyanic acid ON -H < : ; 13 
Phenol C,H,0 — H ; : ; : aly 3 


The Mixture of Two Electrolytes containing the same Ion. 
—As the simplest case of equilibrium between several electrolytes, we 
will first investigate the reaction which occurs on bringing together any 
two electrolytes with a common ton, e.g. two acids having the hydrogen 
ion in common. The progress of the reaction can be followed with- 
out recourse to calculation. 

Let a second acid be added to an acid solution keeping the volume 
constant, 7.¢e. by adding the second acid in the pure form to a dilute 
water solution of the first acid, so that the concentration of the 
hydrogen ions will be increased ; then the immediate result of this is 
that the undissociated part of the first acid is no longer able to main- 
tain equilibrium with the increased product of the active masses of the — 
hydrogen ion and of the negative ingredient ; ¢.¢. the dissociation of the — 
acid retrogrades. This phenomenon is similar to that on adding free 
chlorine to phosphorus penta-chloride, whereby the dissociation is 
diminished by the addition of one of the dissociation products 
(p. 455). 

In order to observe the relations in a quantitative way we need 
employ only the law of mass-action. Let ¢ denote the concentration 
of the electrically neutral molecules, and ¢, that of the two ions, so 
that the total concentration C, will be 


e+e, =C. 

Then we shall have 
COSC 
Now let a second electrolyte be added, which has one ion the same as _ 
1 Zeitschr. phys. Chem. 32. 137 (1900). 


‘l = ed 
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at 


one ion of the first electrolyte ; and let the concentration of the ion so 
added be c,. Then the new equilibrium will be satisfied by the 
condition, 

CK =¢)(e,' + ey), 


where again, of course, ¢’ + ¢,’ must be equal to C. Obviously ¢’ “yp 
be greater than ¢; and conversely c, will be smaller than ¢,’; ic. the 
dissociation of the electrolytes retrogrades, on the addition of a second 
electrolyte containing an identical ion, and in a ratio capable of exact 
calculation: 

This phenomenon may be very well shown qualitatively by a 
solution of paranitrophenol ; the negative ion of this acid is coloured 
an intense yellow, whilst the electrically neutral molecule is colourless. 
If therefore any acid is added to an aqueous solution of this substance 
_ the yellow coloration directly vanishes, because the slight dissociation 
| of this weak acid is reduced to almost nothing by even a small addition 
of hydrogen ions. (See the section on ‘The Theory of Indicators.”) 

Arrhenius! succeeded in proving this law quantitatively in the 
following way. Thus, ¢.g. sodium acetate was added to a solution of 
acetic acid, and then he determined the velocity of the inversion of 
cane sugar contained in the solution ; this velocity of sugar inversion 
| (as will be thoroughly demonstrated in the chapter on Chemical 
| Kinetics), is a measure of the number of the free hydrogen ions exist- 
| ing in the solution. Thus, this velocity amounted to 0°74 in a solution 
| _ containing + of a mol of acetic acid to the litre, and when the equiva- 
lent quantity of sodium acetate was added, the value sank to 0°0105, 
the calculated value of the latter being 00100. 

If any selected volumes of any two electrolytes having ions in 
common, as two acids, ¢g., are mixed, then, in general, the state of 
dissociation of each of these will change as a result of their mixture ; 
-and consequently the electrical conductivity of the mixture will not 
be identical with that corresponding to the mean of the conductivities 
of the unmixed components. 

But if the concentrations of the two acids are so selected that each 
shall contain the same number of free hydrogen ions in a litre,—such 
solutions are called “ ¢schydric,”—then there is no change of their state of 
dissociation resulting from their miatwre. For let ¢ and c, be the con- 
centrations of the electrically neutral molecules and of the ions, and k 
the dissociation constant for one solution ; then we have the relation 


Ke = ¢,? : ¢ (1) 
| q and similarly for the second solution 
RG eS C2 rks. , ; (2) 


“If the volume v of the \first solution be mixed with the volume V of 


1 Zottschr. phys. Chem. 5. 1 (1890); also 2, 284 (1888) ; and Wied. Ann. 30. 51 
EGLS87): 7 


4 


~ 
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the second, the concentration of the electrically neutral molecules and 
of the not common ions 
¢, ¢, ©.C, 
will become 
ev C,V OV CY 
Vay Ver Viv Ver 


whilst the concentration of the ion common to the two solutions 


reaches the value Be Applying the law of mass - action 
to determine the equilibrium in the common solution we have 
C,V +¢,v 
ke 1 Cy . ae ) . . . (3) 
S C,V + ¢,v 
KC = C, . aay aps. . : . (4) 
but the equations (1) to (4) are only satisfied if 
C,=¢, 


that is, in mixing isohydric solutions no displacement of the dissocia- 
tion occurs, hence the conductivity of the miature must be the mean of the 
conductivities of the two solutions, as is shown by experience. 

If we mix solutions of any two electrolytes which have a common 
ion and the same dissociation constant,—as, ¢.g., two chlorides of univalent 
basis,—then these solutions contain the common ion in the same con- 
centrations when the solutions are equivalent. Hence it follows that, 
in a mixture of such electrolytes, each one is dissociated equally 
strongly, and just as strongly as though it alone formed a solution in 
proportions corresponding to the total concentration, 


The case of a mixture of two acids in solution can easily be treated by 
the above method, especially the question of how the conductivity of a 
mixture of two acids changes with increasing dilution. See for particulars 
A. Wakemann.! It is especially interesting to note that the dissociation 
constant, calculated from the conductivity according to p. 508, is by no 
means constant for a mixture of two acids, but varies considerably with the 
dilution, so that, as has been shown by Ostwald, it can serve as a criterion 
of the purity of the acid under consideration, 


The Equilibrium between any Selected Electrolytes.—The 


state of equilibrium is much more complicated in the case of a solu- 
tion containing two binary electrolytes having no common ion. Then 
care must be given to discriminate between the different molecular 
species in the solution, viz., the four free ions and the four electrically 
neutral molecules produced by the combination of the former. By a 
displacement of the point of equilibrium, four reactions may take place 


1 Zeittschr. phys. Chem. 15. 159 (1894). iene 


are. 
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beside each other; namely, the dissociation of the (four) electrically 
neutral molecules into the respective ions, to each of which reactions 
there always corresponds an equilibrium condition of the form 


Ke=c,¢,, 


where K denotes the corresponding dissociation constant, ¢ the con- 
centration of the molecular species that is electrically neutral, and c, 
and ¢, respectively the concentrations of the two ions. 

It is easy to see that equilibrium can be with certainty determined 
if we know the dissociation constants and the total concentration 
(which is given by analysis). The determination is, however, attended 
by no inconsiderable difficulties of calculation. Simplifications can be 
made, however, especially if we regard all binary salts of monatomic 
radicals as being dissociated to the same (considerable) extent. 
Arrhenius! gives the following laws : 

1. The degree of dissociation of a weak acid, in the presence of 
salts of this acid, is inversely proportional to the quantity of salt 
present. 

2. When a weak acid and several strongly dissociated electrolytes 
exist together in the same solution, their respective degrees of disso- 
ciation may be calculated as though the dissociated part of the 
particular electrolyte were a dissociated part of a salt (as a sodium 
salt, ¢.g.), of this acid. 

There is hardly any special proof needed to show that the case, 
where any arbitrary number of electrolytes are in a solution, can be 
solved by the application of the preceding equation. Before advancing 
any farther, we will now discuss a case which has not been considered 
as yet, namely, the participation of water in the equilibrium ; 7.e..where 


the hydrogen ion and the hydroxy] ion react on each other. 
i 


Neutralisation.—It may be concluded from the fact that water 
conducts worse the more carefully it is purified, and accordingly that 
the traces of conductivity which the most carefully prepared water 
shows are mainly due to traces of salt in solution, that water itself is 
only very slightly dissociated into ions. 

It follows directly from this that these two kinds of ions (H and 
OH), are capable of existing beside each other in water only in the 
merest traces. Thus if we bring together in a water solution two 
electrolytes, such that on decomposition one affords a hydrogen ion 
and the other a hydroxyl ion,—or, in other words, if we mix an acid 
with a base,—then in all cases the same reaction occurs, viz. 


+ — 
H+OH=H,0O, 


and practically in absolute completeness, i.2. until one of the reacting 
components is exhausted. 


1 Zeitschr. phys, Chem. 5. 1 (1890). 
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Now this reaction, the necessity of which, as already shown, was 
derived theoretically, is in fact well known and of the greatest import- 
ance ; it is called the process of neutralisation. 

If the acid and the base are completely dissociated, then the afore- 
said reaction will be the only one which takes place; and from this 
there follows directly a very remarkable conclusion, to which attention 
was first called by Arrhenius, viz. the same reactions must correspond to 
the same evolution of heat (“heat of reaction”). Therefore by mixing 
any selected strong base with any selected strong acid in a sufficiently 
large quantity of water, there always results the same development 
of heat; this is proved by experiment (see the chapter “Thermo- 
Chemistry,” I. Book IV.).. 

If, on the other hand, the acid or the base is not completely dis- 
sociated, then side reactions other than the aforesaid reaction, take 
place, namely, decomposition into the ions; and since this is also 
associated with a certain, though often very slight, heat change, a 
slight variation in the heat of neutralisation is observed under these 
circumstances, 

The law of mass-action applied to the dissociation of water causes, 
since the active mass of the solvent must be constant (p. 469), the 
relation that in dilute aqueous solutions the product of the concen- 


+ = 
trations of the hydrogen ions [H] and the hydroxyl ions [OH] must 
be constant ; if the concentration of each of these ions in pure water 
is ¢,, we have 


[H] [OH] = o,2 


Electrolytic Dissociation of Pure Water.—Although it would 
seem to be very difficult to determine this exceedingly small dissocia- 
tion of pure water, the problem has been solved of late years by 
different investigators in very varied methods, and with good 
agreement. 

1. The electromotive force of the acid alkali cell allows of cal- 
culating the concentration of the hydrogen ions in an alkaline solution 
by means of the osmotic theory of currents (Book IV. Chap. VIL.) ; it 
was found in this way that in a normal solution of a strongly 
(80 ‘/) dissociated base it amounts at 19° to 0°8.10-", It follows 
for such a solution 


[H] =0°8 .. 10-4, [OH] = 0°8 ; therefore ¢, = 0:8), 10 3Gammas - 
At a higher temperature it was found in the same way ! that 
C= 1719 . 10-* at 25 - 26°. 
Ostwald? and Arrhenius* attempted simultaneously to determine ¢, in 


1 Léwenherz, Zeitschr. phys. Chem. 20. 283 (1896). 
2 Ibid. 11. 521 (1893). 5 Ibid. 11. 805 (1898). 
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this manner; the present writer showed shortly afterwards that the 
calculation was somewhat different to that given by these writers, and that 
the value obtained is that given above.! 


2. A second process lies in measuring the hydrolytic decomposition 
of salts, the theory of which is given below on p. 530. Arrhenius? 
found in this way 

¢y= 11 x 10-7 at 25°. 


Kanolt? has recently found somewhat smaller results by the same 
method. He measured the hydrolysis of the ammonium salt of 
diketotetrahydrothiazol : 


(em Os 18° 25° 
C, = 0°30 0°68 O91 10-" 


3. Both hydrogen and hydroxyl ions cause acceleration of the 
process of saponification of esters dissolved in water; Wiis,* at van’t 
Hoff’s suggestion, determined the velocity of saponification of methyl 
acetate in pure water, and calculated according to a theory given by 
van’t Hoff (see the following Chapter) that 


Gye 1O>* at 25°. 


4. Finally, Kohirausch and Heydweiller ®° succeeded in purifying 
water to such an extent that it showed its own conductivity, that is, 
was practically free from conductivity due to impurities. 

It was known from previous work of Kohlrausch that water 
conducts the less the more carefully it is purified; it appears, how- 
ever, that a limiting value can be reached below which the conductivity 
cannot be reduced, that is that water possesses measurable conductivity 


of its own account. The method of purification is distillation in vacuum, 


A U-shaped tube, one leg of which ended in a large reservoir and the 
other in a smaller conductivity cell, was provided with water already 
very thoroughly purified, and boiled for a long time under the mercury 
pump. On slightly warming the large vessel a fraction of the water 
was distilled over into the resistance cell and its conductivity measured. 
. At 18° the conductivity of the purest water was found to be 

0:0384 .10-° (that of ordinarily good water is about 2 x 10-°); 
_ the temperature coefficient at 18° is 5°8 %/, much larger therefore 
than that of salt solutions (2 to 2°5 7/) and that of ordinary distilled 
_ water (2 7%). 

The degree of electrolytic dissociation of the water may be calcu- 
- lated from the conductivity found by Kohlrausch and Heydweiller ; 
according to p. 365 the conductivity is 

kK =n (u + v) = 0°0384 x 10-%, 

1 Lowenherz, Zeitschr. phys. Chem. 14, 155 (1894). 2 Ibid. 11. 805 (1898), 


Journ. Amer, Chem. Soc. 29, 1402 (1907). 
4 Zeitschr. phys. Chem. 12, 514 (1893). > Wied. Ann, 53. 209 (1894). 
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where u, the mobility of the hydrogen ion, is 318, and v, that of the 
hydroxyl ion is 174; hence we may calculate the ionie concentration 
c, of the pure water in g-ions per litre (= 1000). 

1000 é : 

Gy = LOU Gare xa at Tees 

u+v 
at 25° this becomes 1:05 x 10-"; «2. is in satisfactory agreement with 
the values mentioned above, arrived at in entirely different ways. 


Even the surprisingly large temperature coefficient of pure water was 
predicted by Arrhenius and exactly calculated by him (see Book IY. 
Chap. IIL). 


Water is clearly capable of a second electrolytic dissociation, 
namely 
a, ity s Sak 
OH=0+H, 
that is, water can be treated as a dibasic acid. Since therefore the 
separation of the second hydrogen ion from a dibasic acid is always 
much harder than that of the first, we may expect that the second 
stage in the electrolytic dissociation of water is extremely slight, or 
that the oxygen ions with a double negative charge in water exist in 
infinitesimal quantities. Nothing more is known at present as to this 
second dissociation. 


The Most General Case of Homogeneous Equilibrium. 
Consideration of the preceding paragraph now finally allows us to 
remove the last limitation, viz. that the ions of water are not included 
among the reacting molecular species; in accordance with this we 
will develop the general equilibrium of a solution containing any 
casual electrolytes. This is possible by means of the following 
propositions. 

1. The total quantity of each radical which is present in the solu- 
tion, partly as a free ion and partly combined with other ions,—this 
is either known from the conditions of the experiment, or else may be 
ascertained by analysis. 

2. For every combination of ions, we have an equation, according 
to which the undissociated part per unit of volume is proportional to 
the product of the active masses of the ions contained in the combina- 
tion. The proportional factor is the dissociation constant, which, according 
to p. 511, is known for most molecular species, and can be determined, 
if necessary, for any particular case, by means of the conductivity, by 
the freezing-point, ete. 

3. Hydrogen ions and hydroxyl ions are capable of existing 
together in only the slightest quantities; their product is (nearly) 
constant, and its magnitude is extremely small (0°64 or 1:14 x 10~" at 
18° or 25°). 


o 4 _ a Oy 
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By means of the formule afforded by the immediate application of 
these propositions, the state of equilibrium is definitely determined. 

We wre thus enabled to state in every case what part of each radical 
exists in the solution as a free ion, and what part is combined with other ions, 
provided we know the dissociation constants of the combinations of all of 
the ions. 

This is a result of the greatest importance. It indicates a partial 
solution of the problem which is to be regarded as the final goal of the 
doctrine of affinity, namely, the expression of the mutual reactions between 
substances, by means of certain characteristic numerical coefficients. 

To this class of coefficients belong the dissociation coefficients of 
electrolytes, a knowledge of which enables us to anticipate the kind of 
action which takes place between them in dilute solution. 

We shall later obtain the result, that by means of the solubilities of 
solid salts, we can also definitely determine the state of equilibrium 
which is established in dilute solution in the presence of solid 
(difficultly soluble) salts. 

In the following paragraphs, some applications will make] the 
meaning of the preceding results more intelligible. 


The Distribution of one Base between two Acids.—We can 
now answer, in its most general form, a question which was formerly 
much discussed, and fruitlessly too, in default of the aid of the dis- 
sociation theory. This question refers to the distribution of a base 
between two acids, when the total quantity of the latter is greater 
than that required for neutralisation ; and the distribution of an acid 
between two bases, when the total quantity of the bases is greater 
than that required for neutralisation. 

The state of equilibrium is definitely determined by the absolute 


_ quantities of each of the four radicals of the solution (either two acid 


radicals, the basie radical, and the hydrogen ion, or, else respectively 
the two basic radicals, the acid radical, and the hydroxy] ion), together 
with the dissociation constants of the four electrically neutral species 
which may be produced by the combination of the four radicals afore- 
said ; and the calculation of this equilibrium offers no difficulties except 
in the way of pure calculation, which, though usually not inconsiderable, 


- are nevertheless not insuperable. 


As an example of such a calculation, we will consider the following 
simple case. 
Thus let two weak (slightly dissociated) monobasic acids, SH and 


| SH, compete for a base, ¢.g. NaOH; and let there be in the volume V 
| 1 mol of each of the three electrolytes. 


Let the quantity of the undissociated part of the first acid SH, be 


_ x; and therefore the undissociated part of SH will be 1—x. Then 
\ ; the quantity 1-—x of the first acid SH, will be concerned with the 
_ base in two ways, for the negative radical S will partly exist as a free 


iy a 4 
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ion, and will be electrically neutralised by the equivalent quantity of 
the positive radical of the base, and will partly unite with the basic 
radical to form the electrically neutral molecule SNa. Then let the 
first of these fractions amount to a, (1 — x), and the second to (1 — a) 
(1 — x); here a, denotes the degree of dissociation of the salt SNa. 
And r egarding the second acid SH, the quantity x of this is concerned 
with the base ; and of this quantity x, a,x is in the form of negative 
ions S’; and a —a,)x is employed in the formation of electrically 
neutral molecules having the composition S’Na; here a, denotes the 
degree of dissociation of he salt S’Na. 
Moreover, a fraction of the two acids will be electrically dis- 
sociated ; let the quantity of the free H-tons be denoted by y. But, 
according to the proviso, both acids are weak, and by the presence of 
the sodium salt the dissociation is caused to retreat considerably. 
Therefore y will represent an infinitesimal quantity,.as compared with 
x and 1 —x. 
We have now to apply the equation of the isotherm of dissociation 
to the four following dissociations, viz., 


to tr = 
I. NaS=Na+S. Ill. HS=H+S. 
+ = + - 
II. NaS’=Na+S’. IV. HS’ =heaee 


In the case of the first two,—according to the law that binary salts 
composed of univalent ions are decomposed to the same extent, — 
we make the dissociation constant equal to K; and thus we obtain 
respectively, 


ieee se (1=x)oy 


Il. Kx(1- do) os (ies lie Xtly) Xihy 


Here (1 —x), (1 —a,) and x(1 —a,) are respectively the quantities 
of the undissociated molecules NaS and NaS’; (1 —x)a, and xa, are 


+ =- 
respectively the quantities of the S and of the S’ ions; and finally 


+ 
(1 —x)a, + xa, is the quantity of the Na ions. 
By division of these equations, we obtain 


1.e. both salts are dissociated to the same extent. 

When K, and K, denote respectively the dissociation constants of 
the acids, by the application of the law of mass-action to reactions III. 
and IV., we obtain respectively 


) | 


., Sn 
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_ ya,(1 - x) 
We, aK x = mea ss 


A,X 


IV. K,(t - x)= a 


from which by division, and recollecting the identity of a, and a,, we 
obtain 
a(t x) 


Bee x? 
l-x : 
Here 5 denotes the ratio of distribution of the two acids, and we see 


at once that it is independent of the nature of the (mon-acid) base. If 
(1 — x)>x, it denotes that the base claims a larger part of the acid SH 
than it does of the acid S’H ; and we can express this by saying that 
the first acid has a greater “affinity” for the base, or that the first acid 
is “ stronger” ; but we must take care not to include any more in these 
expressions than is implied by the preceding considerations. The 
greater “affinity” or “strength” of the first acid consists in this, and 
in this solely, viz. that at the same concentration, the former acid is electro- 
lytically dissociated to a greater extent than the second acid is. 

Now, by the use of the proposition, that salts having an analogous 
constitution are dissociated to the same extent, the state of equilibrium 
is definitely determined, in that a greater fraction of the more strongly 
dissociated acid is concerned with the base than of the acid which is 


dissociated to a less extent ; and the ratio of distribution is quantitatively 


equal to the square root of the ratio of the two dissociation constants. 

We may state the result thus. Let us denote the degree of dis- 
sociation of the two acids respectively by a, and a,, when each is 
dissolved alone in volume V; then we have 


a.2 9 
fey — 5) yond Kv = 2; 


1 - 


or, since a, and a, can be neglected as compared with 1 on account of 


A the slight dissociation of the acids, it follows that 


Sig Gos ae a,” 


ies x? ae 
_ and, therefore, 
4 hes. eine) < a 
——=— and 1-x=—1— 
x i a, + a, 


That is, the ratio of distribution is accordingly equal to the ratio of the 


_ respective degrees of dissociation, at the corresponding dilution. 


One method for the experimental determination of the relative 


' distribution of any one base between two acids, was given by Thomsen 
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as early as 1854, long before a clear conception of the process of 
neutralisation was Ghiaiued as a result of the consequences of the 
theory of dissociation. 

If one equivalent of the base is eed with one equivalent of each 
of the acids separately, a certain amount of heat is developed, which in 
the two cases may amount to a and b, respectively. Now, if we mix 
one equivalent of the base with one equivalent of each of the acids 
together, a different quantity of heat will be developed, which may be 
denoted by ec. 

If the first acid alone unites with the base, and the second acid 
has nothing to do with the reaction, then c=a; and,.conversely, if 
the second acid alone unites with the base, then c=b. Now, in fact, 
both acids participate in the neutralisation, and therefore ¢ must lie 
between a and b, provided that there are no disturbing side reactions, 
such as the formation of acid salts, and the like. 

The quantity of the first acid concerned in the neutralisation, must 
amount to 


c—b 


ea 


the nearer ¢ is to a, the greater the value of this fraction will be; and 
the nearer c is to b, the smaller the value of the fraction. Then, 
according to the method of notation given above, we shall have 


c—b a-c, l-x e-b 
]l=x=——}35 x=- a : 
an a—b x a-—¢ 


This method of proof is free from objection, either from the old 
or the new standpoint. The change in the views merely concerns the 
manner in which the acid and the base are concerned in neutralising 
each other. This process consists not only in the formation of a salt 
from the acid and the base, but also at the same time there occurs, 
and usually in a preponderating degree, according to the circumstances, 
the formation of the free ions which constitute the salt. 

Instead of using the “heat of reaction” to determine the ratio of 
distribution, one may employ, with just as good or better results, the 
changes in the volumes or in the refractive powers of the solutions, 
on neutralisation, as was shown by Ostwald in 1878; and by means 
of a corresponding method of treatment, one obtains formule which 


are exactly the same in this case as above. In particular, the method 
of the determination of the changes in volume unites accuracy and 


simplicity of treatment. 


In the following table are given the results of a number of the. 


determinations 1 conducted according to the latter method. 


1 Ostwald, Jowrn. pr. Chem. [2], 18. 328 (1878). 
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1-x Obs. | 1-x Cale. 
Nitric acid ; Di-chlor-acetic acid : P | 0°76 0°69 
Hydrochloric acid ; Di-chlor-acetic acid ie On 74 0°69 
Tri-chlor-acetic acid ; Di-chlor-acetic acid 5h Or EL 0°69 
Di-chlor-acetic acid ; ” Lactic acid | O91 0°95 
Tri-chlor-acetic acid ; Mono-chlor-acetic acid 0:92 0°91 
1 » 3 Formic acid 2 , Pe Oron 0°97 
Formic acid ; ‘ Lactic ‘eid. : 3 “ ; : , +) O64 | 0°56 
a +, 3; Acetic acid O:c6m ec Os75 
) ogy Butyric acid 0°80 | 0-79 
ep » 3 Lso-butyric acid i uOr79 0-79 
sa » 3 Propionic acid ; . ; : PeROrsh aris 0-80 
o », _3 Glycolic acid ‘ ; $ ‘ . | 0°44 (2) 0°53 
Acetic acid; Butyric acid : ; f | 0°53 0°54 
a > 3 lso-butyric acid 0°53 ; 0°54 
| 


The significance of the observed value of 1 —x may be illustrated 
- most easily in the following way. If four equivalent solutions of SNa, 
S’Na, SH, and S’H, respectively, are mixed, and in the following pro- 
_ portions, viz.: 1—x volume of SNa, x volume of S’Na, x volume of 
- SH, and 1 —x volume of S’H,—then there occurs neither contraction 
nor dilation. It is indifferent whether one uses, instead of sodium, 
any other mon-acid base (as is also required by theory). We conclude 
from this that acids and salts exist together in those relative proportions 
_ which correspond to the equilibrium of their mixture. For if this were 
| not the case a reaction would take place, which would consist in a 
| change of the degree of dissociation of the four electrolytes, and this 
| would be shown by a change of volume. Therefore the value of 
| 1—x must, as determined’ experimentally, coincide with the formula 
~ as developed above. 
As a matter of fact this does occur, as was shown by Arrhenius.! 
| In the second column of the preceding table are given the values of 
1 — x, calculated by the formula developed above, viz. 


from the ratio of the degrees of dissociation of the two acids at the 
| dilution employed, which amounted to three litres, inasmuch as the 
solutions which were studied, resulted from the mixture of the three 
normal solutions, viz. of the base and of the two acids respectively. 

With the exception of the first three values,—where the competi- 
tion [for the base] was between very strong ‘acids, and, therefore, 
q where the proviso of the theoretical formula is not fulfilled, —and, 
; _ with the exception , of one particular value which probably involved 
_ some ira general a very good coincidence is established between 


a 


1 Zeitschr. phys. Ohem. 5, 1 (1890). 
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the values of 1—x, as calculated from the ‘changes of volume on 
neutralisation and those calculated from the respective conductivities 
of the pure acids. As the value of 1-—x is always greater than 
0°5, therefore the acid named first is the stronger in all three 
cases.} 

In the competition between any two weak acids, at such dilutions 
that the salts of the acids may be regarded as completely dissociated, 
the reaction progresses according to the scheme, 


- + - + 
' SH+S8'+Na=S’'H+S+Na, 
or simply 
SH+S'=SH+S. 
Now the law of mass-action requires that 


Acid I. x acid-ion II. 
Acid II. x acid-ion I. 


=a constant. 


This equation was found to be established by Lellmann and 
Schliemann.? The method employed by them was in principle that 
of Jellet (p. 462); only instead of using the rotation of light, they 
used the absorption of light to analyse the state of equilibrium. 

The relations involving partition of an acid between two bases are, 
of course, exactly analogous ; if polybasic acids, e.g. sulphuric acid, are 
used, the theoretical treatment of the conditions of eqn is com- 
plicated by the formation of acid salts.* 


The Strength of Acids and Bases.—It is a very common and 
old experience, that different acids and bases exhibit very different 
“intensities” or ‘‘strengths” in those solutions where their acid or 
basic nature, as such, comes into play. But in spite of many strenuous 
endeavours to accomplish it, it is only recently that it has been possible 
to find a method for expressing their [relative] strengths numerically, — 
i.e. for expressing the numerical coefficient of each particular acid and 
base, which should make possible the calculation of the degree of their 
distribution in the reactions which are characteristic of the respective 
acids and bases. 

This problem was first deliberately attacked in a broad way by J. 
Thomsen (1868) ; but it was Ostwald (1878-1887) who first succeeded 
in proving, beyond all doubt, that the property of acids and bases of 
exerting their action according to the standards of definite coefficients, 


1 See Thiel (Zeitschr. phys. Chem. 61, 114 (1893)) for a theoretical treatment not 
involving the above simplifying assumptions, and also for an exact experimental proof of 
the equations involved. 

2 Leib. Ann, 2'70. 208 (1892). See also Arrhenius, Zeitschr. phys. Chem. 10. 
670 (1892). 

3 See A. A. Noyes, ‘On the Separation of Hydrogen Ions from Acid Salts,” Zeitschr. 
phys. Chem. 11, 495 (1893). 
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finds its expression not only in the forming of salts, but also in a large 
number of other and very different reactions. 

Ostwald compared the relative order, in which the acids compete 
for the same base, according to their strength, as obtained by— 

(a) Thomsen’s thermo-chemical methods, with 

(b) His own (Ostwald’s) volume-chemical methods, and with the 
relative order in which the acids arrange themselves,— 

(c) Regarding their capacity to bring calcium oxalate into solution ; 
and,— 

(d) Regarding the relative velocities with which they convert 
acetamide into ammonium acetate ; and,— 
_ (¢) Regarding the relative velocities with which they cleave 
methyl acetate, catalytically, into methyl alcohol and acetic acid; 
and,— 

(f) Regarding the relative velocities with which they invert cane 
sugar ; and,— 

(g) Regarding their relative accelerations of the mutual action of 


’ hydriodie acid and bromic acid. 


Ostwald showed that in all these widely different cases investigated, 
one always obtains the same order for the relative strengths of the different 
acids, whichever of the above chemical reactions is chosen as a measure 
of the strengths. It should be noticed that all the decompositions 
enumerated above, were conducted in dilute water solution, and therefore 
the preceding scale refers only to reaction capacities under these con- 
ditions. The order of succession of the acids was shown to be fairly 
independent of the temperature. 

Although Ostwald’s investigations clearly indicated the relative order 
of the strength of the particular acids, yet great difficulty was ex- 
perienced in ascertaining the quantitative ratios; and the numerical 
coefficients, as calculated from the particular reactions, often showed 
great deviations, although sometimes there were surprising coincidences. 
In particular the coefficients varied very greatly with the concentration, 


and in those cases where the concentration of the acid changed con- 


siderably in the course of the reaction, the calculation was, of course, 
entirely untrustworthy. 
A similar behaviour was found in the study of bases, though the 
observations were not so extended. 
These seemingly complicated relations were at once cleared up, by 
the application of the law of chemical mass-action to the exceptional 
behaviour of substances in aqueous solution—which was first recognised 


r by van’t Hoff (1885), and afterwards referred by Arrhenius (1887) to 


electrolytic dissociation. The formule to be used here in the calcula- 


_ tion of the equilibrium ratios, follow naturally from the law of mass- 
action. 


The peculiarities directly presented by the conduct of acids and 


| bases, which must be presented in the sense of the views developed 


ee ae, 
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by Arrhenius,—peculiarities, moreover, which are illustrated both in the 
old-time distinction between neutral solutions, on the one hand, and 
acid and basic solutions on the other, and also in the recognition of a 
polar contrast between the two latter [viz. acid and alkaline solutions], 
—all of these peculiarities, in the light of the theory of electrolytic dis- 
sociation, are now to be conceived of in the following way. 

The reactions which are characteristic of acids existing in solution, 
which are common to all acids, and which can only be effected by 
acids,—can be all referred to the fact, that the dissociation of these 
bodies, as a class, results in the production of the same molecular 


+ 
species, the positively charged hydrogen ion H. 

Therefore those chemical actions which are characteristic of acids are to be 
ascribed to the action of the hydrogen tons. 

In the same way, ¢.g., the chemical actions which are common to 
the chlorides are to be explained by the action of the free chlorine 
ions. 

And in a similar way, the reactions which are characteristic of bases 
existing in solution, justify the view that the dissociation of this class of 
substances results in the production of negatively charged hydroxyl ions 


(aor 

Therefore the specific action of bases is due to the hydroayl ions. 

A solution reacts acid when it contains free hydrogen ions; and 
alkaline when it contains free hydroxyl ions. If we bring together an 
acid solution and an alkaline solution, mutual neutralisation occurs 
(p. 517), because the positive hydrogen ions and the negative hydroxy] 
ions are incapable of existing beside each other, but, on account of the 
extraordinarily weak conductivity, i.e. the small dissociation of water, 
immediately combine to form electrically neutral molecules, in the 
sense of the equation 


f OH = TO). 


Thus we find a simple explanation of the polar contrast. between 
acid and basic solutions ; it consists simply in this, namely, that the 
ions which are respectively charadteriehe of the acid and of the base, together 
form the two ingredients of the solvent [water], in which we study the reaction 
capacities. 

The conception of the ‘‘strength” of an acid or of a base now 
explains itself. If we compare equivalent solutions of different acids, 
each one will exert the actions characteristic of acids the more 
energetically, the more free hydrogen ions it contains. This follows 
immediately from the law of chemical mass-action. 

The degree of electrolytic dissociation determines the relative strength of 
the acid ; and similar considerations lead to the conclusion that— 

The strength of bases depends upon the degree of their A ag 
dissociation. 


a 
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Now the degree of the electrolytic dissociation varies regularly 
with the concentration, in the way indicated on p. 508. At very 
extreme dilution, equivalent solutions of the most various acids contain 
the same number of hydrogen ions, or, in other words, they are equally 
strong ; and the same is true of the hydroxyl ions of bases. 

The dissociation decreases with increasing concentration, but at a 
different rate for different substances. Thus the relative strengths of 

' bases and acids must vary with their concentration, as was empirically 
established*by Ostwald. 

Now the dissociation constant is the measure of the variation of 
the degree of dissociation with the concentration ; i.e. we must regard 
these magnitudes as the measure of the strengths of acids and bases. Thus 
by the consideration of this special case, we again obtain the same 
result as that previously developed in a general way (p. 511), namely, 
the dissociation coefficients are the measures of the reaction capacities of all 
such substances, e.g. both acids and bases. 

The order of succession of the acids, as arranged by Ostwald on 
the basis of the most various reactions, must coincide with the order 
of their dissociation constants ; and also, since the depression of the 
freezing-point increases with the degree of the electrical dissociation, 
it must coincide with the order of their relative depression of the 
freezing-point in equivalent solutions. This result is established by 
experiment. 

The degree of dissociation «, of an acid, in a definite concentration 
at which its molecular conductivity is A, is calculated to be (p. 361) 


The conductivity at very great dilution A,, according to the law 
of Kohlrausch (p. 365), is 


An =Uutv 


Now since u, the ionic mobility of hydrogen, is usually more than 
ten times as great as v, the ionic mobility of the negative radical 
_ of the acid, therefore A, has approximately the same value for the 
_ most different acids (usually within less than 10 per cent) ; and there- 


He Sore the conductivity of an acid in equivalent concentration cor responds, at 


least approximately, to the degree uP its electrolytic dissociation, 1.¢. to its 
_ strength. a 

a On the whole, the order of succession as arranged in accordance 
_ with the conductivities is identical with the order of succession as 
_ shown by their acids in their specific reactions. The recognition by 
_ Arrhenius and Ostwald (in 1885) of this remarkable parallelism was 


| an important event, for it amounted to the discovery of electro- 


id lytic dissociation. 
A detailed discussion of various reactions will now teach us how 
2M 
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the degree to which acids and bases partake in these reactions, may be 
calculated quantitatively from their dissociation constants. 


Hydrolytic Dissociation.—A very important case in which 
water as a solvent participates in the reaction, is the so-called hydro- 
lytic dissociation; or in short “ hydrolysis,” i.c. the decomposition of a 
salt into base and acid by combination with the components of water. 

The theory of this, according to what has been explained, is very 
simple. Let any selected quantities of an acid SH, and a base BOH, 
be dissolved in a large quantity of water. Then, in general, the five 
following reactions will occur in one sense or the other by a change 
in the relative proportions :— 


- + 
I. SB=S+B. 
- + 
Il. SH=S+H. 
aise bot 
III. BOH = B+ OH. 
+ = 
IV. HjO =H + OH. 
+ = 
V. B+S+H,0 =SH + BOH. 


Reactions I. to IV. inclusive are cases of electrolytic dissociation ; 
reaction V, is the equation of hydrolytic dissociation. Let K, to K, 
inclusive be the respective reaction coefficients, and let the respective 
concentrations of the reacting molecular species, which are partly 
electrically neutral molecules, and partly ions, be as follows :— 


+ + - 
SB SH BOH B H Ss OH 


4 7 i 
C, C, C, om Cy Abas . 


Now, according to the conditions of the experiment, we total quantity — 


of the radical §, is 

C,+C,+¢/=m; 
and that of the radical B, is 

Cr CO, +¢, Shs 
and also, 

Chae = C, Ae, G 
i.e. the solution contains the same number of positive and of negative 
ions. The active mass of the solvent, i.e. of the molecule H,O, is 
very nearly constant (p. 469): it is of course indifferent Khother 
water in the liquid state has this molecular weight or another 
[polymeric]. 

The application of the law of mass-action to reactions I. to V. 

inclusive, gives respectively the following equations :— ; 


ee i a Ms 
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Po, = 0,6: 

IT) KC, = ¢/c,. 
YT TC. = 6:6, 
Dy We Ca 6,0... 

Vato ce, =6,0,. 
|, K, may, eons a satisfactory approach to accuracy, be regarded as the 
same (p. 510) for all binary electrolytes composed of univalent ions. 
K, and K, are the dissociation constants of the acid and base 
respectively, K, is known (p. 519). 

By multiplying equations II. and III., we obtain 

Cy Cy» C10y, 


rk 


and this, by substitution from IV., becomes 


C,C, = 


/ K, 

| CC, = Cy Cy . ale 

ii By comparing this with equation V., we get 
K, 

rey KOK. 


The reaction constant for hydrolysis can therefore be calculated 
} from the dissociation constant of the reacting molecules, that is, the 
| degree of hydrolysis can be calculated when we know the strength of 
| the acid and base. 

In practically applying the above equation we must consider, how- 
|| ever, that the value of K is not constant (p. 509) for strongly dissociated 
electrolytes, that is for neutral salts and very strong acids and bases. 
| In this case the above formula may be most practically applied by 
' treating these substances as completely dissociated, and afterwards 

introducing small corrections on account of the inaceuracy of this 
M assumption. 
| The strongest hydrolysis is of course to be expected when both 
the acid and the base are very weak. It may happen in this case that 
|| the salt is entirely decomposed, especially when the acid or base is 
_ insoluble, and hence the greater part of the substance is precipitated 
a ‘and becomes inactive. Thus white silver borate decomposes on 
|) heating, with separation of silver oxide, in the same way ferric acetate 
he decomposes i in dilute solution on boiling almost completely into ferric 
hydroxide and free acid. A case in which the salt decomposes com- 

|| pletely in the cold at any attainable dilution is to be found in the 
|| behaviour of the salts of the trivalent metals towards carbonates ; 
|, the hydroxide i is here precipitated at once because the hydrolysis of 
|) these metals is almost complete. 


P 
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Walker | investigated quantitatively the hydrolysis of the chlorides 
of some weak bases (such as aniline) by measuring the amount of free 
hydrogen ions by the velocity of inversion of methyl acetate (see the 
following chapter). In this case hydrolysis occurs according to the 
equation 


+ = - + 
B+Cl+H,O =BOH + Cl+H, 
or more simply 


+ + 
B+H,0=BOH +H; 


as we may here, on a¢count of the strong dissociation of the hydrochloric 
acid, regard the concentration of the hydrogen ions as very approxi- 
mately the same as that of the free acid, and, on account of the strong 


+ 
dissociation of the salt, regard the concentration of the B-ions as being 
that of the undissociated salt, and finally, on account of the very 
feeble dissociation of the base, regard the concentration of BOH as 
equally that of the free base, we get the equation 


= const. 


+ 
[BOH] (H]_ Base x Acid 
a ig Salt 
[B] 


which Walker found to be confirmed by experiment. 

In the case stated by Walker the hydrolysis was considerable 
despite the strength of the acid, because the base was extraordinarily 
weak ; conversely Shields? measured the hydrolysis of a number of 
salts for which the base was strong and the acid very weak. The rate 
of saponification of methyl acetate was determined, as the amount of 
free hydroxyl ions is directly proportional to it (see the following 
chapter), and, on account of the strength of the base used, this is 
practically identical with the total concentration of the free base. 


The degree of hydrolytic dissociation at 25° was found for the 


following salts in =4; normal condition :— 


Potassium cyanide . : : 1-12 per cent. 
Sodium carbonate . ; : sie L7/ a 
Potassium phenolate : ‘ 3°05 sj 
Borax . : , ‘ ; 0:5 7 
Sodium acetate : ; ; 0:008 rem 


Since in the above cases the base is very strong and the acid very 
weak the reaction occurs practically according to the equation 


CN + H,0 = OH + HCN, 
and by using pure salts, that is, by avoiding an excess of acid or base 


1 Zeitschr. phys. Chem. 4. 319 (1889). 
2 Tbid. 12. 167 (1893). 


| 
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| 
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the amounts of free acid and base must be equal, so that the law of 
mass-action gives 


Acid x Base 
Salt 


that 1s, the degree of hydrolysis is proportional to the square root of the 
concentration of the unhydrolysed salt, and the latter quantity is not very 
different from the total concentration of the salt when the hydrolysis 
is small. 


= constant, or the base is proportional to salt, 


We may calculate the dissociation of water from the fact that 0-1 normal 
sodium acetate is hydrolysed to the extent of 0:008 7%. Since acetic acid in 
presence of its salt is very slightly dissociated, the free base (NaOH) almost 
completely, we have as the concentrations of the acetic acid and the hydroxyl 
ions 

mol 


on 


[CH,COOH]=[0H] = 0:000008 aes 


The amount of free hydrogen ions (Hy is found from the equation 


K[CH,COOH] = [CH,COO] [H} 


where K, the dissociation constant of acetic acid, is 0:0000178 (p. 509), 
and the concentration of the negative ion of acetic acid is almost precisely 
that of the salt (0:1). We thus find 


+_  0:0000178 . 0:000008 
[H]= 


and according to p. 520 


= 1-42 x 1079, 


ee ss= 35 
— / tin [(OH]= ,/1:42. 08. 10-#=11. 10-7, 


that is, pure water at 25° is 0:11 millionths normal with respect to the 


_ hydrogen or hydroxyl ions. Walker (loc. cit. p. 514), by means of the values 


of K given on p. 514, calculated in the same way the hydrolysis of potassium 
cyanide, potassium phenolate, and borax to be 0:96, 3:0 and 0°3 %, in striking 
agreement with the experiments of Shields. Compare the work by Kanolt, 
mentioned on p. 519. 


The Theory of Indicators..—Many of the so-called “colowr- 


_ reactions” may be explained by a change in the electrolytic dissociation, 
whether it is a result, of dilution or of the addition of some foreign 


substance. 
We have already seen (p. 389) that each particular ion has its 


own definite absorption of light, and that in general this changes when 


the ion unites with ee Thus cupric chloride has a green colour, 


1 Ostwald, Lehrd. d. allg. Chim. 2nd edit., 1891, Bd. I. p. 799. [See this part 


a translated by P. M. M. Muir, ‘‘Solutions,” pp. 268- 272. London and New York, 1891. 
_—Tr.]; Grundlagen d. analyt. Chemie, chap. vi., 4th edit., Leipzig, 1904. 
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which is occasioned by the undissociated molecules ; and it is only at 
extended dilution that the blue colour of the cupric ions appears, 
which is exhibited by all cupric salts dissolved in much water. If 
one adds hydrochloric acid to a dilute solution of cupric chloride, the 
dissociation retreats, and the solution again becomes a clear green. 

The quantitative study of the gradual change in coloration is an 
elegant method of investigating chemical equilibrium, which was first 
introduced by Gladstone (1885). It has been used since by Salet 
(p. 350), Magnanini,! Lellmann (p. 526), and others. 

Upon phenomena like this depends the common use of indicators 
in volumetric analysis, 7.¢. substances which in acid solutions have 
colours different from those in alkaline [or neutral] solutions. very 
weak acid or base is suitable for such a purpose when its radical has, as an 
ion, a colour different from that which it has in an electrically neutral 
molecule. 

The acid or base must be weak so that a very slight excess of 
hydrogen or hydroxyl ions may cause a great change in coloration. 
Thus paranitrophenol is an acid indicator ; the undissociated molecule 
of this acid is colourless, its negative ion is coloured an intense yellow. 
If acid is present in the solution the already slight dissociation of the 
indicator is almost entirely destroyed and the solution becomes colour- 
less. If, on the contrary, a base is added, the strongly dissociated 
solution of paranitrophenol is formed, and the. solution becomes yellow. 
Another acid indicator of similar chemical character is phenolphthalein, 
which is colourless in the undissociated state, that is, in the presence 
of a trace of hydrogen ions. But as soon as the solution becomes 
alkaline the strongly dissociated salt of phenolphthalein is formed, 
and the intense red of its negative ion appears. Methyl orange is an 
example of a basic indicator ; in acid solutions it is coloured an intense 
red, in alkaline it is yellowish.” 


The above considerations show,when an indicator is useful, that is, 
when it gives a sharp change of colour, and when not. If it is a strong or 
even a moderately strong acid its dissociation would only be destroyed by a 
considerable excess of hydrogen ions. On the other hand, it must not be too 
weak an acid, otherwise, with excess of base, the salt formed by the base and 
the indicator would be hydrolytically decomposed to a considerable extent, 
and consequently the change of colour would be weakened. The latter 
circumstance becomes of more importance when the base added is weak. 
Phenolphthalein, for example, is so weak an acid that its ammonia salt is 
strongly dissociated hydrolytically, hence when ammonia is titrated with 
phenolphthalein as indicator the red colour of the ion of phenolphthalein 
disappears on addition of acid before the ammonia present has been thoroughly 


1 Zeitschr. phys. Chem. 8. 1 (1891). 
2 See also on this point F. W. Kiister, Zeitschr. anorg. Chem. 18. 136 (1897), who 


shows convincingly that the acid function of methyl orange is unimportant as regards 


change of colour (p. 381). 
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' neutralised. Paranitrophenol is a considerably stronger acid, its ammonium 
salt is less decomposed hydrolytically, but the change of colour remains sharp. 
Hence weak bases may be titrated with paranitrophenol, but not with 
phenolphthalein as indicator. In titrating strong bases phenolphthalein 
gives more exact results than paranitrophenol, because the yellow colour of 

) the negative ion of the more strongly dissociated paranitrophenol appears 

| before the neutralisation is completely effected by the alkali added, whilst 

|: the much more weakly dissociated phenolphthalein only shows the red colour 
| of its negative ion when an extremely minute quantity of the strong base 
is present in excess. The same considerations apply naturally to basic 
indicators like methyl orange, so that we are led to the following rule as to 
the use of indicators. A weak base and a weak acid are not to be used 
together on accownt of hydrolysis; very weak acid indicators are therefore 
unavailable for titrating weak bases, very weak bases for titrating weak 
acids, As titrating liquid strong acids and strong bases should always be 

used (hydrochloric acid, barium hydroxide). If the indicator used is a 
moderately weak acid or base the change of colour can still be used in 

_ titrating weak bases although with a certain loss of sensitiveness. 

In multivalent acids it may happen that, on account of the different 
strengths of its valencies, only one stage of the dissociation may come into 
evidence on account of the nature of the indicator used. Thus carbonic acid 

' cannot be titrated at all with methyl orange, with phenolphthalein it 

_ appears as a univalent acid ; phosphoric acid behaves as a univalent acid 

| on titration with methyl orange, as a divalent acid on titration with 

_ phenolphthalein. For further details see the study on indicators by Julius 
Wagner.! 

Recent investigations (see J. Stieglitz, Journ. Amer. Chem. Soc, 25. 1112 
(1903); further especially Hautzsch, Ber. 40. 3017 (1907); 41. 1187 
(1908)) have shown that the decrease in dissociation of an indicator is 
accompanied by a change in constitution, and it is this that causes the colour 
change ; see the paragraph “'Tautomerism” in the following chapter. The 
above considerations are, however, unaffected by this; but the further 
condition must be added, that an indicator is only useful when the change 
in constitution takes place rapidly, which is by no means always the case. 

But the observation that the colour of some indicators changes with 

measurable velocity, shows clearly that the change is not only due to a 

decrease in electrolytic dissociation. 


3 


Sensitiveness of Indicators.—According to the preceding para- 
graph, the sensitiveness of an indicator depends not only on the. 
_ nature of the colour change, but on the concentration of hydrogen 
_ ions in the solution’ when the change in colour takes place. Every 
_ indicator, whether acidic or basic, changes in colour when there is 
‘| excess of either hydrogen or hydroxyl ions in the solution; for 
example, if the indicator is a fairly weak acid, a certain excess of 
hydrogen ions must be; present, before its dissociation is sufficiently 
depressed ; on the other hand, if it is an extremely weak acid a certain 


* 1 Zeitschr. anorg. Chem. 2'7. 188 (1901). 
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excess of hydroxyl ions will be required before hydrolysis is so far 
prevented that the anion of the acid (i.e. the salt of the indicator) can 
be present in sufficient quantity. It is, of course, best when the 
change in colour takes place as near as possible to the neutral point 
—where the concentrations of hydrogen and hydroxyl ions are the 
same, 

These relations have been quantitatively investigated by two 
methods, under my direction ; Salessky 1 determined the concentration 
of hydrogen ions at the point where the colour changed by means of a 
hydrogen electrode (see Book IV. Chap. VIII.); Fels? prepared 
solutions of known (very small) concentration of hydrogen ions by 
adding acetic acid to sodium acetate, or ammonia to ammonium 
chloride solutions (the concentration of hydrogen ions can be calculated 
as in the example on p. 533). The two methods gave concordant 
results, of which the following table contains the most important : 


Colour. | - on 
: : | oncentration of Hydrogen Ion 
Indicator. eee PR ea Oe = a corresponding to the different Colours. 
Tropdolin 0:0 . | Red Orange 10-2 orange-red 
: ‘ 10-78 red 
Phenolphthalein | Red Colourless 10-75 colourless 
Litmus . . | Blue Red 10-6” intermediate purple colour 


{10-67 yellow 
\ 10-61 colourless 
10-52 yellow 
Methyl orange . | Yellow Red 10-41 orange 
10-33 red 
| ; 10-44 red intermediate colour 
Renee - | Red is 10-88 blue intermediate colour 


2 : 10-24 violet 
Methyl violet . | Violet Blue 10-25 blue 


p. Nitrophenol | Yellow Colourless 


Rupp and Loose * have recently discovered a new indicator (Methyl 
red), which is apparently very sensitive to alkalies. 

The true neutral point is (p. 519) at 10-°; the colour changes 
of litmus and phenolphthalein take place very close to this. The 
concentration of hydroxy] ions is of course given by : 


[ou] = 10-188 


ica 


Formation of Hydrates.—The fact that it is in water especially 
that dissolved substances dissociate electrolytically, makes it appear 
probable that the formation of ions is accompanied by chemical com- 


1 Zeitschr. f. Elektrochemie, 1904, p. 205. 
2 Ibid. p. 208. 3 Ber. 41. 3905 (1908), 
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bination with the water. But, as has been already emphasised on 
p. 271, we can get no evidence of this by determinations of molecular 
weights in dilute solutions. Further, the applications of the law of 
mass-action in the preceding paragraphs are independent of any 
hydration of the ions (see also p. 469). The question is therefore at 
present perfectly open ; and although there are methods of attacking 
the problem which are apparently free from objection, yet we are still 
far from a*“‘hydrate theory” of which many different authors have 
already spoken 


The Mutual Influence of the Solubility of Salts.—We have 
thus far considered equilibrium in salt solutions, as though these 
were homogeneous systems. We will now consider the case where solid 
salts participate in the equilibrium. The proposition that a solid sub- 
stance, which dissociates on solution, has a definite solubility at a 
definite temperature, like every other solid substance (p. 484), holds 
good of course for the case where the dissociation is electrolytic ; and 
thus the propositions previously developed may be applied, without 
further remark, to the case in hand. This statement thus enables us 
to consider, completely, the case where the solid salt participates in 
the equilibrium, as will be made plain from the following example. 

We will first consider the simple case of a binary electrolyte, and we 
will investigate the change in its solubility caused by the presence of 
another binary electrolyte which has a common ion. The process can 
at once be surveyed in a qualitative way. 

The saturated solution of the first electrolyte, of course, is never 
completely dissociated, for some electrically neutral molecules will be 
present in the solution. The proposition (p. 485) that the concentra- 
tion remains unchanged by the presence of other substances in the 


| solution may be immediately applied to these neutral molecules. If _ 


we add to the saturated water solution of the electrolyte another 
electrolyte with a common ion, then in exactly the same way that it 
was found on p. 514, the dissociation of the first electrolyte will 
retreat, and the quantity of electrically neutral molecules will increase. 


_ But this increased quantity prevents the solution pressure of the solid 


salt from remaining in equilibrium, and therefore a definite part of the 
dissolved salt will be precipitated from the solution, until the equi- 
librium is re-established) Thus the solubility of one salt is depressed in 


the presence of another having a common ion. 


This proposition may be proved in a qualitative way without 
difficulty. Thus, if one adds to a saturated solution of potassium 


chlorate a solution of another potassium salt, as e.g. potassium chloride, 


or a solution of another chlorate as ¢.g. sodium chlorate,—and this may 


| be done most easily by adding a few drops of a concentrated solution 
; of the other substance,—a copious separation of solid potassium 
chlorate takes place after a few moments. A saturated solution of 


« 
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lead chloride gives immediately a white precipitate on addition of a 
few drops of chloride and so on. 

Of course the mutual influence of solubility can also be developed 
theoretically in a quantitative way. Thus let m, be the solubility of 
the solid electrolyte in pure water ; and let a, be the degree of dissocia- 
tion corresponding to this concentration (the latter being expressed, 
as always, in g-equivalents per litre). Then m,(1—a,) will denote 
the undissociated, and m,a, the dissociated quantity of the electrolyte. 
Let its solubility be m, and the corresponding degree of dissociation be 
a, in the presence of another electrolyte, the free ions of which have 
the concentration x. 

Then the theorem of the constant solubility of the undissociated 
part, gives 

m,(1 —a)) = m(1 — a), 


and the application of the isotherm of dissociation, in the two cases, 
gives 
Km,(1 — a9) = (mya), 
Km(1 — a) = ma(ma + x) ; 
and therefore, there must exist the relation, 
(mya)? = ma(ma + x), 
from which we obtain ‘tae 


i ae lglg tes 
2a | (*?) 4o2? 


this equation enables one to calculate the solubility after the addition, 
from the solubility of the salt in pure water, and from the quantity of 
salt added. 

This preceding law of solubility, which I developed in 1889, and 
.also experimentally verified (p. 486), was later subjected to a very 
careful test by A. A. Noyes ;} its requirements were established in a 
striking way. Thus Noyes studied the alteration of the solubility of 
silver bromate in the presence of silver nitrate and potassium bromate. 


BOOK III 


18 LY, Ill. IV. 
Addition of AgNO. Sol. of AgBrO. Sol. of AgBrO. 
onetime usOne — | venice addition off ten the avalien ss Cale 
respectively. AgNOs, KBrO3. ce ee 
0° 000810 0°00810 0°00810 
0°00850 0'00510 0°00519 000504 
0°0346 000216 0:00227 0700206 


are the solubilities on addition of 
; 9. 603 (1892) ; 26. 152 (1898). 


The numbers given under II. 
1 Zeitschr. phys. Chem. 6. 241 (1890 
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silver nitrate, under III. those on addition of potassium bromate ; it 
appears from the table that equivalent mixtures of silver nitrate and 
potassium bromate displace the solubility of silver bromate equally 
and by practically the amount that is calculated from the law of mass- 
action. It also appears that a relatively small addition of a foreign 
substance is sufficient to reduce the solubility [of the AgBrO,] one- 
fourth. 

Moreover, Noyes also found that the equivalent quantities of 
chlorides of wnwalent bases depress the solubility of thallous chloride 
to the same degree ; this is a further proof of the proposition (p. 510) 
that these substances are dissociated to the same extent when in 
equivalent solutions. 

_ Moreover, the addition of the chlorides of the divalent metals, Mg, 
Ca, Ba, Mn, Zn, and Cu, have the same effect in depressing the 
solubility ; from which it is to be inferred that these substances, in 
equivalent solutions, are also dissociated to the same degree. In this 
way Noyes found the following values for the degree of dissociation 
of the chlorides just enumerated. 


Concentration. | Degree of Dissociation. 
0°0344 822% 
0-0567 776%, 
0°1045 69°4% 
02030 615% 


These values are calculated as though the salt decomposed according 
to the scheme 


5 ae 
CaCl, = Ca + Cl + Cl; 
but there is, doubtless, at the same time a decomposition according to 
the scheme 
+ = 
CaCl, = CaCl + Cl, 


although this latter may not amount to very much. 
In contrast to the salts just mentioned, CdCl, is dissociated to 


a much smaller degree. Thus, in investigating the influence of 


solubility, we possess, in the suitable choice of substances which are 
soluble with difficulty, a method, which is applicable to every kind of 


ion, for the determination of the number of the particular kind of ions 


contained in a solution. ) 
As an example of the mutual influence of the solubilities of ternary 


be electrolytes, Noyes studied the diminution of the solubility of lead 
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chloride on the addition of the chlorides of Mg, Ca, Zn, and Mn. As 
would be expected, these latter substances act with the same strength. 
The degree of this influence is given by the proposition, that the 
product of the lead ions and the square of the chlorine ions must be 
constant. 
As before, let m, denote the solubility of PbCl, in pure water, and 
m its solubility after the addition of x chlorine ions ; and let a, denote 
the original dissociation, and « that after the addition. Then the law 
of mass-action requires that 
m,(1 — a) = m(1 4), 
and 
(mya9)° = ma(ma + x) 
Then, since PbCl, is dissociated just as strongly as the added 
chloride, x is equal to the quantity of chloride added multiplied by a. 
Thus Noyes found the following results :— 


m. 
Quantity added. a. 

Found. Cale. 
0°05 0°697 0°0502 0°0522 
0°10 0°661 0°0351 0°0851 
0°20 0°605 0°0218 0:0176 

\ 


m,=0°0777 ; a = 0°733. 


The values of a are taken from the preceding table. The coincidence 
between calculation and observation is fair. 

To precipitate an insoluble salt as far as possible it is therefore 
convenient to use an excess of the precipitating material in order to 
displace the solubility of the precipitated salt. It is, however, sufficient, 
especially in the case of very insoluble substances, to use a quite small 
excess. For example, the concentration of a saturated solution of 
silver chloride at atmospheric temperature is about zggyqp normal ; 
if chlorine ions are added, to precipitate silver, only to the extent of 
doo normal in excess, the concentration of the silver ions, as appears 
from the preceding formule, is reduced to a normality of zog@oua0-4 
Lead sulphate is appreciably soluble, hence the prescription of 
analytical chemistry to wash this substance with water acidulated 
with sulphuric acid rather than with pure water, since the acid 
reduces its solubility to an amount small as regards analysis. 

Moreover, Noyes succeeded in proving, both by theory and by 
experiment, that conversely the solubility of a salt must increase on the 
addition of a second electrolyte containing no ion in common. , 


1 See the interesting study by C. Hoitsema, Zeitschr. phys. Chem. 20. 272 (1896). 
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Thus, to follow out a preceding example, if one adds some KNO, 
to AgBrO,, then a number of molecules of AgNO, and also of KBrO, 
will be formed. This will result in a diminution in the number of the 
molecules of AgBrO,, which must be replaced from the solid salt. In 
this and in analogous cases the increase of the solubility is of course 
very slight ; but the increase would be very great if one should add, 
e.g. HNO, to a saturated solution of CH,.CO.OAg; because here, 
on account of the small dissociation constant of acetic acid, there will 
be produced a very considerable quantity of undissociated acetic acid 
molecules as a result of the addition of the HNO, ; and as the product 
of the silver ions and the acet-ions must regain its former value, a 
considerable quantity of solid silver acetate must therefore pass into 
solution.! 

A similar explanation may be given of the well-known fact that 
calcium oxalate is soluble in strong acid, for the product of the con- 
centration of the calcium ions and the oxalic acid ions (the so-called 
solubility product) is much diminished when a strong acid is present, 
since the hydrogen ions of the latter combine with the oxalic ions and 
thus diminish their concentration ; hence for equilibrium more calcium 
must go into solution and the amount may become quite large. As 
another example may be mentioned the solubility of zinc sulphide in 
strong acids whose hydrogen ions combine with the doubly negative 
sulphur ions of the zine sulphide; weak acids do not dissolve it 
because the concentration of the hydrogen ions is too small. If, 
therefore, sodium acetate be added to an acid solution of a zine salt 
the formation of slightly dissociated acetic acid reduces the concentra- 
tion of the hydrogen ions to a small amount, and the zinc is satis- 
factorily precipitated by sulphuretted hydrogen. 


Anomalies due to Formation of Complex Ions.—There are 
cases in which the solubility of a salt is raised by addition of another 
salt containing the same ion; thus potassium nitrate and lead nitrate 
raise each other's solubility, mercury chloride is more easily dissolved 
by water containing hydrochloric acid than by pure water. Closer 
study of these cases, however, shows that the exception to the general 
law is only apparent ; as has been shown by Le Blane and Noyes? in 
this and similar cases, new complex molecules are formed, so that the 
solubility product is not raised by the addition of salt containing the 
same ion as would otherwise be the case, but reduced. 

These anomalous phenomena of solubility are consequently very 
important for the study of complex salts in solution, a subject which 
has been very little investigated considering its enormous importance 
for inorganic chemistry. As an example of the insight to be obtained 


by means of relatively simple researches we may mention the work of 


\ a 
1 A ease of this kind has been exactly worked out by Noyes and D. Schwartz, 
Zeitschr. phys. Chem. 27, 279 (1898). 2 Ibid. 6. 385 (1890). 
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A. A. Noyes and W. R. Whitney.1 Potassium and sodium hydroxides 
not only do not reduce the solubility of aluminium hydroxide but 
take up considerable quantities of this insoluble substance. Yet it 
was found that the freezing-point of the solutions is not altered by 
addition of aluminium hydroxide. From this it may be concluded 
that on solution the reaction 


OH + Al(OH), = Al(OH), + H,O 


takes place, that is, the addition of aluminium hydroxide does not 
alter the number of molecules in solution. The potassium aluminate 
has therefore in solution the formula KAIO(OH), or KAIO, (the 
methods in use at the present day do not allow of distinguishing 
between these two formule any more than between NH, or NH,OH 
for ammonia in aqueous solution. See the section on “ Normal and 
Anomalous Reactions.”) 


The Application of the Law of Mass-action to Strongly 
Dissociated Electrolytes.—It has already been remarked that the 
equation of the dissociation isotherm does not hold for strongly dis- 
sociated electrolytes such as the neutral salts. Correspondingly, when 
we calculate, according to the above theory, the influence of other salts 
on the solubility of these electrolytes, we obtain numbers which 
show unmistakable, though small, differences, from the values actually 
observed. It is always found that the solubility is decreased by a 
less amount than that demanded by theory.? This must mean that, 
besides the normal ions, others, more complex, must be present in the 
salt solutions. 


In any case the deviations from the law of mass-action are relatively 
small, and may be neglected for most practical purposes, as may be seen from 
the numerous examples given in this chapter. 


The Reaction between any number of Solid Salts and 
their Solution.—This general case may also be solved simply by the 
theorem, that the active mass of the solid substances is a constant. 

An example which belongs here, has been already studied by 
Guldberg and Waage (1867), namely, the state of equilibrium existing 
between the difficultly soluble BaSO, and BaCO,, and K,SO, and 
K,CO, in solution. Here, in the sense of the old conceptions, we 
have to deal with the reaction 

BaSO, + K,CO, <7 BaCO, + K,80, 
Solid, Dissol. Solid. Dissol. 


and therefore the relation obtains that the ratio of the carbonate 
existing in the solution to the sulphate in solution must be a constant. 


1 Zeitschr. phys. Chem. 15. 694 (1894). 
2 See H. Karplus, Léslichkeitsbeeinflussung. Dissertation, Berlin, 1907. 
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_ Guldberg and Waage allowed a equivalents of K,CO,, and b equi- 
valents of K,SO,, to react on each other in a water solution in the 
presence of an excess of solid BaSO,; they determined the quantity x 
of the BaCO, formed after a sufficiently long interval, and, as a matter 


of fact, they found the preceding ratio, namely eo = to be constant, 


as shown by the following table :— 


a-xX 
b. a. x pate 

+ =a | 
: 0 3°5 0-719 3°9 
0 1 0-176 4:7 
0°25 2 . 0-200 4:0 

| 

0°50 2 0-000 4:0 


Now the application of the preceding conception usually leads to 
\ results which coincide but poorly with experiment, because electrolytic 
_ dissociation must also be taken into account. According to this the 
i, reaction occurs in the sense of the equation, 


14 - BaSO, + CO,zBaCO, + SO, 
7 Solid. _ Dissol. Solid. Dissol. 
| 


and the application of the law of mass-action leads to the result, that in 
the condition of equilibrium the ratio of the SQ, ions to the CO, ions 
in the solution must be constant. Moreover, by a displacement of the 
point of equilibrium in the solution there also occur, in the sense of 
_ the preceding reaction, the following side reactions, viz.— 


+ = 4 & 
K,80,27 2K + SO,, and K,CO,2 72K + CO,, 


| by means of which the calculation of the equation of the isotherm of 
| dissociation may be accomplished. 

a But now it should be observed that as these two electrolytes have 
| an analogous constitution, and as they are dissociated to the same 


| constant ratio to the carbonate. 

| Thus the older conception here happens to lead to satisfactory 
results ; in other cases—e.g. as in the explanation of the measurements 
given in the preceding paragraph—they fail utterly ; and the con- 
_tradictions can only be explained by the aid of the theory of 
electrolytic dissociation. 
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But the newer views lead us a step farther. It follows from the 
laws of solubility (p. 537) that, in the presence of solid BaCO, and 
BaSO, the products of the Ba ions and the CO, ions, and of the Ba 
ions and the SO, ions, must be constant. Now the ratio of these 
products, in the measurements given above, averages about 4:0. 

Moreover, since BaCO, and BaSQ, are doubtless dissociated to the 
same extent, therefore the value 4:0 is at the same time the ratio of 


BOOK IIt 


Yd 


the undissociated quantities of the carbonate and sulphate in their — 


saturated solution. 
Finally, since each of the particular solutions of these two sub- 
stances, considered by itself, is very highly dissociated on account of 


its difficult solubility, therefore, according to the rules given on p. 509, — 


the value 4:0 is, at the same time, the ratio of the squares of the total 
concentrations of the two saturated solutions.! 


If one pours a solution of KI over solid AgCl, then; as can be proved in 
a perfectly analogous way, the iodine existing in the solution will be largely 
replaced by chlorine; because as AgI 7s much less soluble than AgCl, an 
equivalent quantity of AgCl will be changed into Agl. This is also 
established by experiment. If the solubilities of AgCl and AgI are known, 
then, for a given concentration of KI, we may state the point of equilibrium 
which the system strives to reach. 

The analogous equilibrium between silver oxide and silver chloride in 
solutions of hydroxides and chlorides has been completely investigated by 
A. A. Noyes and Kohr.? 

When a dissolved salt is so strongly hydrolysed that the limit of solubility 
of one of the components (the base or the acid) is exceeded, the solution 
becomes turbid ; thus iron salts give off ferric hydroxide, silicates give silicic 
acid. To clear such solutions the hydrolysis must be reduced by an excess of 
acid or, in the second instance, of base. 

If sodium acetate is added to a clear, that is a strongly acid solution of 


ferric chloride, the concentration of the hydrogen ions is much reduced, the 


hydrolysis is consequently increased, and colloidal ferrie hydroxide is 
precipitated. In the same way silicic acid may be precipitated from alkaline 


soluble glass by addition of ammonium chloride which reduces the number of — 


free hydroxyl ions with formation of ammonia. 


In conclusion, we will collate the following remarks regarding the — 


theoretical treatment of the equilibrium between a salt solution and 
any number of solid salts. 
For every molecular species which can be formed from the ions, 


there exists a particular dissociation constant, which is the ratio between — 
the concentration of the particular molecular species and the product — 


of the respective concentrations of the ions of which it is composed. 
Further, every such molecular species has a definite solubility ; 1.¢. 
there is a definite value of the concentration beyond which it cannot 


1 In testing this deduction from the theory, it is to be noted that a saturated solution 


of barium carbonate in pure water is noticeably hydrolysed. 
2 Zeitschr. phys. Chem. 4.2, 336 (1902). 
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pass (excluding supersaturation); and this solubility remains un- 
chanced other things being equal, as long as solid salt remains in 
contact with the solution. 

Tf one knows the value of the dissociation constants, and also the 
solubilities of all of the molecular species, then the equilibriwm in the 
solution is completely determined, and if the total quantity of each 

_ radical is known, one can state how much of each radical is present as a 

| free ion, and how much of each is combined with other ions, partly in the 
form of electrically neutral molecules, and partly in the form of solid salt 
external to the solution. 

Thus the dissociation coefficients determine the number of 
electrically neutral molecules in the solution, while the solubilities 
determine the number of those which crystallise out ; and although 
we may succeed in formulating a number of general empirical rules 

for the values of the dissociated constants, yet this attempt fails 
_ entirely in the case of the solubilities. Thus all binary salts composed 
~ of univalent ions, exhibit the same degree of dissociation (p. 510), 
_ but they do not exhibit the same degree of solubility !; moreover, the 
_ latter property varies with the different polymorphic [allotropic] 
{ modifications of the same salt. 
Sometimes, as has been already mentioned (p. 500) the salts 
_ do not crystallise out from the solution in the pure form, but as 
' isomorphous mixtures. Here the rule holds good that the solubility 
of each molecular species in a mixture is always smaller than for the 
| particular spécies when alone. Again, the behaviour of dilute solid 
- solutions, when they crystallise out, is very simple. In such cases the 
' principles already developed regarding the equilibrium between phases 
of variable composition, may be directly applied without further 
remark. (See the next section.) 


Normal and Abnormal Reactions.2—The preceding develop- 
ments now show us, at the same time, the reason for a fact which has 
long been known, viz., that the [main] reactions of inorganic chemistry, 
_ 1.e. of salt solutions, are characterised by great similarity in classifica- 
| tion. Thus, as is well known, we have so-called typical reactions, 
| for most radicals: thus all acids colour litmus red; all bases colour 
| litmus blue ; all chlorides are precipitated by silver salts.2 These facts 
|| are necessary results of the dissociation hypothesis of electrolytes. 
| All acids contain the same hydrogen ion; all bases the same hydroxyl 
ion, all chlorides the’ same chlorine ion, etc. ; and the reactions which 
are typical for the classes of substances collectively are the specific 
| reactions of the ion common to them. - Thus the behaviour of 
| 1 ¥. Kohlrausch has published the solubilities of a large number of salts in Zeztschr, 
phys, Ohem. 44. 197 (1903), -; 
2 Ostwald, Zeitschr. phys. Chem. 3. 596 (1889). 
3 Jbid., see also the work quoted on p. 533 by the same author, written in a more 


popular form, and more suitable for beginners. 


14 


2N 


y tans 


546 THEORETICAL CHEMISTRY BOOK TT 


electrolytes regarding their reaction capacity, as also regarding their 
other properties, is clearly additive. 

Of course it is not necessary for all electrolytes containing a parti- 
cular radical to exhibit the reactions which are typical for this radical ; 
they must do so only when the radical is contained as a free ion. Thus 
sodium acetate [CH,.CO,Na] does not exhibit the reactions of 
hydrogen ions, because the hydrogen is not contained as free ions, but 
exists in the solution, combined with the negative complex of the salt. 

Potassium platinic chloride [K,PtCl,] and sodium mono-chlor- 
acetate [CH,Cl. CO,. Na] do not show the reactions which are typical 
for chlorine, because the chlorine does not exist there as the free 
ion, but rather associated with the respective complexes PtCl, and 
CH,Cl.CO,. In this way the contrast between the so-called normal and 
the abnormal reactions of certain radicals is explained. The abnormal 
reactions are those of the new-formed ion complex. 

It has already been remarked that potassium bromide can take up 
bromine forming the salt KBr, ; the solubility of iodine in a solution 
of potassium iodide is explained in the same way by formation of 


potassium tri-iodide, that is, the complex ion I, is formed according to 
the equation 


ek: 


ammonia forms a new complex with silver ions,! 


ete + 
Ag + 2NH,=(NH,),Ag ; 


potassium cyanide can take up silver ions to a large extent ; a complex 
ion is formed according to ie equation 


Ae + aCy = AgCy,. 


Naturally these complex ions are more or less dissociated into 
other components and all possible steps are found. The ion I, also is 
strongly dissociated, the solution of potassium tri-iodide therefore acts 
like a solution of free iodine. ‘The ion (NH,),Ag is not so strongly 
dissociated ; for a solution of silver nitrate which contains ammonia 
gives no precipitate of silver chloride on addition of a chloride, that 
is, the concentration product of the silver ions x chlor-ions remains 
below the solubility product (10-!°). But a precipitate is obtain- 
able on addition of an iodide, that is, the above ion dissociates 
sufficiently to make the product cone. silver ions x iodine ions exceed 
the solubility product for silver iodide (about 101°). In the complex 
ion Ag(Cy), the silver is retained to an extraordinary extent since it 
is not precipitated even by addition of iodide ; sulphuretted hydrogen, 
however, precipitates it on account of the. extreme insolubility of 
silver sulphide. 


1 Bodlinder and Fittig, Zeitschr. phys. Chem. 39. 609 (1902). 
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In this way we obtain at the same time a strict classification of 
the double salts. The characteristic double salts are the isolated points 
in the series of mixtures, afforded by their components (p. 503). 
On solution they decompose almost completely into the single salts, 
and their ions therefore are simply those of their components. The 
substances sometimes wrongly called “ double salts,” such as K,PtCl,, 
K,FeCy, and the like, are to be regarded as entirely different ; those 
in solution conduct themselves as. simple electrolytes, since they afford 
only one electrically neutral molecule, and exhilit only one series of ions. 
The substances last referred to are simple salts of hydro-chloro-platinic 
acid [H,PtCl,], and of hydro-ferro-cyanic acid [H,FeCy,], etc., and 
therefore they contain no platinum ions, and no iron ions, etc., 
respectively. 

According to present experience the ions, since they have the character 
of saturated compounds (p. 395) possess in a high degree the capacity for 
forming molecular compounds. 

The systematic study of complex ions therefore promises to throw new 
light on the nature of compounds which do not fall under the scheme of 
valency ; some rules on this subject have already been given on p. 378. 

It must by no means therefore be assumed that all chemical reactions 
are due to ions; on the contrary every molecular species, ion, or electrically 
neutral molecule, has its peculiar and typical reaction. Angeli and Boeris + 
haye given a striking example of this. It is well known that an aqueous 
solution of ammonium nitrate decomposes on heating into water and nitrogen 
and the more readily the more concentrated it is; in very dilute solutions 


+ “~ 
where only the ions NH, and NO, are present the reaction does not occur ; 
it must therefore be concluded that it is the undissociated molecule NH,NO, 
that is capable of the reaction 
NH,NO, =N, + 2H,0 ; 


the chemists mentioned have, in fact, shown that on addition of a salt with 


a similar ion, for example ammonium chloride or sodium nitrite, the 


production of nitrogen is increased in consequence of the reduced electrolytic 
dissociation of the ammonium nitrite, whereas the salts which have no ion in 
common with ammonium nitrite are inactive. In the same way it seems as 
if the oxidising action of nitric acid is exclusively or mainly due to the 


+ — 
molecular species HNO, and depends little or not at all on the ions H + NO,. 


Formation and Solution of Precipitates.—Reactions causing 
precipitation are of exceptional importance in analytical chemistry ; 
the theory of the formation and solution of precipitates is indeed 
contained in the foregoing sections, but certain points of it may be 
put together here and illustrated by examples. 

A precipitate occurs (unless it is prevented by supersaturation) 
when an electrically neutral species of molecule exceeds the amount of 


its solubility product (p.541); it goes into solution again when the 


1 Acad. Linc. [1892] [5], 1. Il. 70. 
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product of the ionic concentrations is reduced below the solubility 
level. 

The latter can only occur when other molecular species, either 
neutral or ionised, are added, causing an increase in one or more of 
the ions in question. The following cases arise :— 

1. The precipitate to be dissolved is an acid ; then one of the ions, 
namely the hydrogen ion, can be removed very completely by addition | 
of a base whose hydroxyl ions combine with it to form water. If the | 
substance to be dissolved is a base it may be similarly dissolved in 
acid. (For example, benzoic acid dissolves easily in caustic soda, lime 
in hydrochloric acid, etc.) 


If in these cases the acid or the base or both are very weak the solvent — 
action is reduced by hydrolysis ; in this way, as was shown by Lowenherz,! 
the dissociation of extremely weak acids and bases can be measured. 

It may be foreseen that in certain cases the water itself, in consequence 
of its ionisation, will alter the solubility, namely when the substance to be 
dissolved is hydrolytically dissociated. Thus, if the insoluble barium 
carbonate is brought into contact with water, the hydrogen ions of the water 
combine with the CO, ions to make the very slightly dissociated compound 
HCO,, and the concentration of the hydroxyl ions is accordingly raised a 
corresponding amount (see also p. 543). 


2. Addition of hydrogen or hydroxyl ions may, however, occur in 
the two preceding cases by means of the salts of other weak acids 
(e.g. acetic acid) or a very weak base (¢.g. ammonia). Examples: the 
equation 


[Ca] [OH]? = const. 


holds for the solubility of calcium hydroxide, but in presence of 
ammonium ions a large addition of hydroxyl ions occurs, since the 
very slightly dissociated ammonium hydroxide is formed.2 In the 
same way the relatively large solubility of magnesium hydroxide in 
ammonium salts is explained, as well as the fact that magnesium salts 
are either not at all or incompletely precipitated by ammonia’ 
; 3. If the precipitate to be dissolved is the salt of a weak acid its 
anions can be largely combined with hydrogen ions; example: silver | 
acetate dissolves in acids. In the same way salts of weak bases are ~ 
dissolved by strong bases. 
4. Very often the precipitate dissolves in consequence of the 
formation of complex ions. Example: silver chloride dissolves in — 
potassium cyanide (p. 546), ete. q 
It is obvious that the same reagents that dissolve a precipitate ; 
prevent its precipitation when they are added before that takes place. 
1 Zeitschr. phys. Chem. 25. 385 (1899). 
2 Investigated by Noyes and Chapin, 2b/d. 28. 518 (1899). ° ’ 


> See ARS the PRCrOne investigation by J. M. Lovén, Zeitschr. anorg. Chem. 11. 
404 (1896). 
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Distribution of an Electrolyte between Water and a 
Second Phase.—This is a case of the general law of distribution 
(p. 491), but it must be noted that the ions cannot be separated in 
appreciable quantity by partition, any more than in diffusion (p. 369). 

The simplest method of treatment is to regard the concentration 
of the electrically neutral molecules as proportional in the two phases. 
Since also the concentration of the free ions in the gaseous space or 
in a solvent that will not mix with water is negligible, it follows that 
the ions must pass over practically completely into the water. 

This may be illustrated by some examples (see also the table on 
p- 496). The partial pressure of hydrochloric acid over its water 
solution is simply proportional to the number of its undissociated 
molecules contained in the solution. 

If an electrolyte divides itself between water and ether, there 
must be a proportionality between the electrically neutral molecules 
in the water and the concentration in the ether. Now the number 
of electrically neutral molecules in water decreases with increasing 
dilution much more quickly than proportionally to the concentration ; 
and therefore, at slight concentration, both the vapour pressures of 

| electrolytes, and also their solubilities in another solvent, which is in 
contact with water solution, will be very small. 

Thus, ¢.g., it is possible to distil pure water off from a dilute 

solution of hydrochloric acid. 

If one tries to “shake out” with benzene a sufficiently dilute 
water solution of an organic acid, then only the slightest traces of the 
_ acid will go over to the benzene, even though it is much more soluble 
in benzene than in water. 

Hydrocyanic acid which is very slightly dissociated is much more 
| volatile; even dilute solutions show its characteristic smell, so do 
solutions of the salts of this acid, since according to p. 532, they are 
markedly hydrolysed, i.c. contain free hydrocyanic acid. 

The following table given by Kuriloff (p. 506) shows the partition of 
Picrie acid (which is strongly dissociated in aqueous solution) between 
_ benzene and water ; e, and ¢, are the concentrations (normalities) in the 
_ two solvents, a the degree of electrolytic dissociation. 


| 
| oy por icae e 
Cy. Cp. Go ‘ a. ee ay 
009401 = 6°02609 3°6 0°9027 38 
0:0779 0:02080 31 0°9104 41 
0:06339 0°01963 328 0:9138 87 
0:06184 001882 3°3 0:9164 39 
070359 0:01320 OA 0:9353 42 
0:01977 0:009738 2:0 0°9463 38 
} : — 
Mean 39 
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Thus, although the undissociated molecules of picric acid are thirty-nine 
times as soluble in benzene as in marey it would pass over almost completely 
into water at great dilutions. 

The case of partition of ions between a liquid and a metallic phase 
occurs, e.g. on shaking mercury with dilute silver nitrate solution ; mercury 
ions pass to a certain extent into solution with precipitation of silver. The 
equilibrium can be treated by means of the law of mass-action (see the 
interesting study by Ogg, Dissertation, Gottingen, 1898 ; Zeits. phys. Chem. 
27. 285 (1898). 


The exceptional position of water as a solvent which is shown by 
its property of dissociating dissolved substances electrolytically, and 
thus giving them unusual capacity for reaction, appears now in a 
new light. Closely connected with the above properties is the 
marked way in which water, in contact with other solvents, retains 
the last portions of dissolved substances. Of equal importance with 
the capacity which water possesses to an unusual degree, of dissociat- 
ing dissolved substances, is the extraordinarily great solubility of ions 
in water. 


: 


CHAPTER V 
CHEMICAL KINETICS * 


General Observations.—As has been previously emphasised, the 
hypothesis of Guldberg and Waage is the fundamental law of 
chemical kinetics. According to this law, the total progress of a 
reaction occurring in a homogencous system, is determined by the differ- 
ence between the two velocities with which the decomposition 
advances from left to right, and conversely from right to left, in the 
sense of the reaction equation. 

Therefore at every instant the velocity of a reaction, ie, the 
quantity changed in a moment of time, in the sense of the reaction 
from left to right, divided by the moment of time, is given by the 
velocity constant of the change in the sense of the equation from left 
to right, multiplied by the active masses of the molecular species 
standing on the left side of the equation, diminished by the velocity 
constant of the change from right to left in the sense of the equation, 
multiplied by the active masses of the molecular species standing on 
the right side of the equation. 

Thus, ¢.g., if a homogeneous reaction takes place according to the 
simple scheme— 

A, +A, =A, + Ag, 


and if ¢,, c,, and c,, c,’ are respectively the concentrations of the 
vy © 1» & p y 


four reacting molecular species A,, A,, and A,’, A,’ ; and also if de, 
denotes the diminution which c, will experience in the moment of 
time dt, where of course the similar diminution of c, is of the same 
amount,—then the reaction velocity at_every moment will be 


Cori 
at: 


ke,c, — k’e,‘¢,, 


where k and k’ respectively are the velocity coefficients of the two 
opposed reactions. If a substance participates in the reaction with n 


molecules instead of with one, then of course ec" will appear in the 
equation instead of c. | 
Now the velocity coefficients are constant at constant tempera- 
551 
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ture; but without exception they increase very strongly with rising 
temperature. Therefore the application of the fundamental equation 
preceding is permissible only when the reaction progresses isothermally, i.e., 
only when there is no change of the temperature of the system, as occasioned 
by heat, developed or absorbed, in the course of the reaction. 

Now for the time when t = 0, let the respective concentrations of the 
four substances be a,, a,,a,',and a,’ ; and in the time t let the quantity 
of the substance a, decomposed be x g.-mol, and accordingly the same 
amount of a, Thus the preceding equation will be written— 


d 
d 


then by knowing k and k’, and remembering the preliminary con- 
dition that, when t=0, then also x=0, we can, by integration, 
obtain a complete description of the course of ,the reaction ; and the 
result is similar when the course of the reaction is given by an 
equation involving any arbitrary number of reacting molecular species. 

The ascertaining of the concentrations in the state of equilibrium 


- = k(a; — x)(a»_ — x) — k’(ay’ + x)(ay’ + X) 5 


as was thoroughly demonstrated in the second chapter of this book, 
gives the ratio of the two velocity constants. 

These relations are much simpler when the reaction advances 
almost completely in one direction in the sense of the equation, ¢.g., 
from left to right; this is true of most of the reactions thus far 
investigated. This means that one of the two partial reaction-velocities 
is very great as compared with the other; or that k is very large as 
compared with k’. In this case, the right side of the differential 
equation reduces to the positive term, and the reaction velocity at 
every moment is obtained as proportional simply to the product of the 
active masses of the molecular species standing on the left side of the 
reaction equation. 

In all cases, the integration of the differential equation of the 
chemical change gives the result that, strictly speaking, the equi- 
librium would be reached only after an infinitely long time, 7.¢.— 


only when t=. 

According to this, a chemical system, like a pendulum which is 
highly damped, tends towards an “ aperiodic” condition of equilibrium. 
An “over-shooting of the mark” is incompatible with all our views of 
chemical processes. This would mean that, under certain circumstances 
the sense of the reaction would depend upon the previous history of the 
system ; 2.¢, that in two solutions which are absolutely identical, the 


\ 1 £ * a} 
| ; 
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same reaction might progress in opposite directions, the reaction in 

one solution approaching one state of equilibrium, while the reaction 

. in the other solution would shoot over towards the other state. Asa 
matter of fact, such has certainly never been observed. 


The Inversion of Sugar.—Cane sugar in water solution in the 

_ presence of acids is practically completely decomposed into dextrose 

_ and levulose. The process advances so slowly that it can be 

followed by easy measurement, as the progress of the reaction can be 

traced very easily and very sharply by polari-strobometric analysis. 

The part not inverted turns the plane of polarised light to the right, 
while the mixture of the products of inversion is laevo-rotatory. 

Let a, denote the (positive) rotatory angle at the time t= 0, 
which corresponds to an original quantity of sugar a; let a, denote 
the (negative) rotatory angle after complete inversion; and let a be 

| that actually observed after the time t. ‘Then, since all substances 
_. rotate the plane in proportion to their concentration, we have 


When the time t= 0, then a=a,, i.e. x=0. When the time t=, 
after complete inversion, then a= — a), i.e. x =a. 
The progress of the inversion of sugar has been investigated by a 
great number of observers, including Wilhelmy (1850), Lowenthal and 
| Lenssen (1862), Fleury (1876), Ostwald (1884), Urech (1884), Spohr 
| (1885, 1886, and 1888), Arrhenius (1889), Trevor (1892), and 
| others. Therefore, as it plays a very important ré/e in the history of 
| the doctrine of affinity, it demands a thorough description. 
. Corresponding to its progress according to the equation 


C,,H5.0,, + HO = 2C,H,,0,, 


| the law of mass-action shows that the velocity of the inversion at every 
| moment is proportional to the product of the concentrations of the water and 
| of the cane sugar ; or since the water is usually present in large excess, 
) and suffers only a very slight change in concentration during the 
| course of the reaction, therefore the velocity must be proportional simply y to 
| the concentration of the sugar itself. That is 


- In(a — x) = kt + const. ; 


ba as the original bonaiiien 
— In a= const. ; 
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from this we obtain 


This equation was discovered, and proved experimentally, by 
Wilhelmy, before the law of mass-action was advanced. In fact it 
is an assumption which follows almost directly from the preceding 
equation, to suppose that a constant fraction of the sugar is wwerted at 
every moment of time. The simple meaning of the inversion coefficient 
is, that its reciprocal value multiplied by In2 gives the time required 
for the inversion of half of the total quantity, as is seen at once if we write 


a 
oe 

How well the results of the preceding, equation coincide with 
those of experiment, is shown by the following table for the inversion 
of a 20 per cent solution of cane sugar in the presence of a 0°5 normal 
solution of lactic acid, and at a temperature of 25° :— 


: : q = a 
t (in minutes). a. logio, — 

0 34°50° — 
1435 31°10 0°2348 
4315 25°00 0°2359 
7070 20°16 02343 
11360 13°98 0°2310 
14170 10°61 0°2301 
16935 TCSYf 0°2316 
19815 5-08 0°2291 
29925 —1°65 0°2330 

oO -10°77 — — 
Mean 0°2328 


As we are concerned only with the proof of the constancy of the — 


expression given in the third column, we can of course introduce 
ordinary logarithms instead of natural logarithms. 


The Catalytic Action of Hydrogen Ions.—The inversion of | 


sugar proceeds with marked velocity only in the presence of an acid 
the quantity of which remains unchanged during the reaction; such 
reactions as this have been already called “‘ catalytic.” 


‘ 


4 


The ultimate explanation of the preceding case is still unknown to 
us; but nevertheless some very remarkable results have been obtained — 
regarding the regularity of behaviour which obtains here. Arrhenius! ~ 


1 Zeitschr. phys. Chem. 4, 226 (1889). 


a 


2.7 
} | 


— > 
OHAP. V ond CHEMICAL KINETICS - 555 


succeeded in grouping in one simple orderly arrangement all the 
abundant material observed concerning this reaction. As the method 
which is to be pursued here is a typical one, and as it has already led 
to important results in similar cases, and still promises more, we will 
give the results observed regarding the dependence of the inversion 
coefficients upon the nature of the acids and salts which may be present, 
and we will also give a brief theoretical summary of the same. 

The following phenomena were empirically discovered by the study 
of the question of the variation of the velocity of inversion, with 
the concentration, with the nature of the acid, and in the presence of 
neutral salts. 

The more concentrated the acid, the more quickly is the sugar 
inverted, although this does not take place in an exact proportion. 

In the case of the stronger acids, the inverting action occurs some- 
what more quickly than in proportion to the amount contained, and the 
converse of this is true in the case of the weaker acids. 

The velocity of the inversion varies very greatly with the nature of 
the acid, Thus the strong mineral acids effect the inversion most 
quickly, and with about the same degree of rapidity ; while the fatty 
acids, ¢.g., exert an inverting action which is much weaker. 

In the following table are given some of the results obtained 
by Ostwald at 25°, with an acid concentration of 0°5 normal. The 
figures refer to 1:000 for hydrochloric acid, and are well suited to give 
a good impression of the variability of the inversion coefficients :— 


Hydrochloric acid . ; - 1:000 | Tri-chlor-acetic acid 0°754 
Nitric ae ‘ . 1°000 | Di-chlor-acetic : 2 02271 
Chloric salts : . 1°035 | Mono-chlor-acetic,, . . 070484 
Sulphuric See : . 0°536 | Formic hes . 0°0153 
Benzene-sulphonic acid . . 1:044 | Acetic - 00040 


The influence of neutral salts is very remarkable. In the presence 
of an equivalent quantity of the potassium salt of the respective acid, 
the inversion velocity is increased about 10 per cent in the case of 
the stronger acids ; but in the case of acids weaker than tri-chlor-acetic 
acid, the action is diminished, and that the more as the acid is weaker. 

In the case of acetic acid this depressing action is perfectly 


- enormous: thus as a result of the presence of an equivalent quantity 


of a neutral salt, the inversion velocity sank to 5 of its original 
value.! ; : 
The addition of non-electrolytes, in quantities which are not too 


great, exerts no marked effect. 


i . 


In order to obtain a general view of the relations aforementioned, 
which at first sight do not seem to be simple, we will notice at once 


that it is all the acids, but only the acids, which exhibit the characteristic 
capacity of inverting sugar—i.e. here we are concerned with a specific 
action of the free hydrogen ions ; for itis in water solutions of acids, and 


1 Spohr, J. pr. Chem. [2], 82. 32 (1885). 
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in these alone, that free hydrogen ions are contained. Now if these 
hydrogen ions are the actual catalytic agents, then, according to the 
law of mass-action, it would be expected that the catalytic action of the 
acids would be respectively proportional to the number of their hydro- 
gen ions, 7.¢. an acid should invert the more strongly accordingly as 
it is more highly dissociated electrolytically. This anticipation is 
found to be completely verified in the results of the preceding table, 
where the acids are arranged in the same relative order of succession as that 
required by their respective degrees of electrolytic dissociation. 

But we find-only an approximate numerical proportionality between 
the quantity of the hydrogen ions and the inversion velocity ; this can 
be seen from the fact that the inversion velocity increases more quickly 
than in proportion to the acid concentration ; while the reverse is the 
case with the hydrogen ions, according to the laws of dissociation. 
Thus a 0°5 normal solution of HCl inverts 6:07 times more quickly 
than a 0'1 normal, although the former contains only about 4°64 times 
as many hydrogen ions as the latter. 

There is thus a second action of importance: this was formulated 
by Arrhenius as follows :— 

The catalytic activity of hydrogen ions is greatly stimulated by the presence 
of other ions. 

In this way, which, to be sure, is rather puzzling from a theoretical 
standpoint, we explain the fact that the inversion velocity of the 
stronger acid increases more quickly than in proportion to their concen- 
tration, because the quantity of the free negative ions, which increases 
with increasing concentration, stimulates the activity of the hydrogen 
ions: and so we can also explain the observed increase of the inverting 
action of a strong acid in presence of its neutral salt. 

Nevertheless, although this action of the dissociated part of the 
neutral salt is very interesting, yet it has rather the character of a side 
reaction of secondary nature. The action of the hydrogen ions is 
much more distinct, and thus their inverting action on a solution 
constitutes a very delicate reaction for the presence of hydrogen ions.! 

Now we have with weak acids a simple means for repressing the 
dissociation to any desired extent, and thus at the same time for 
diminishing the quantity of free hydrogen ions to any desired degree. 
According to the laws of dissociation, which were thoroughly discussed 
on p. 514, the dissociation retreats on the addition of one of the dis- 
sociation products, in a way which can be easily calculated.: In fact 
(see above) the researches have always shown a truly enormous 
diminution of the inversion velocity of the weaker acids in the 
presence of their neutral sodium salts ; and Arrhenius, by a considera- 
tion of their side reactions, which are not altogether simple, succeeded 


1 As shown by Trevor (Zeltschr. phys. Chem. 10, 321, 1892), this reaction can be 


employed at quite high temperatures (100°), where the inversion velocity is much greater, ‘ 


in order to detect very small quantities of hydrogen ions, 


2 Se 


~ 
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in showing that the quantitative relations are, in fact, those required 


by theory. 


: 
a 
: 


— a ane 


Of course dissociation does retrograde also in the case of the 
stronger acids, as HCl, ¢.g., on the addition of another chloride ; and 
although the amount of the diminution of the dissociation may be 
very slight, yet it does result. The contrary fact, that there is a not 
inconsiderable increase of reaction velocity is explained by the fact that 
the retrograde action is more than counterbalanced by the influence of 
the neutral salt, as mentioned above. 


A very exact investigation by W. Palmaer! has yielded the important 
result that in very dilute solutions, in which there is no longer the action of 
neutral salts referred to above, the rate of inversion is directly proportional 
to the concentration of the hydrogen ions. If concentrated solutions of cane 
sugar are used, the velocity coefficient k increases considerably with the 
concentration of the sugar, though it should remain constant according to the 
theory. As E. Cohen has shown, this phenomenon indicates that the volume 
of the reaction is reduced, hence the number of collisions between the 
molecules of cane sugar and the hydrogen ions is increased, causing an’ 
increase in the velocity of reaction.? 

Again the decrease in the rotation of the various kinds of sugar with time 
proceeds according to the formula for unimolecular reactions ; addition of 
salts usually accelerates this, hydrogen ions act more strongly, but hydroxyl 
ions act markedly too.’ 


The Catalysis of Esters.—A phenomenon, which in many 
respects is very closely related to sugar inversion, is the catalysis of 
the esters, 7.¢. the accelerating influence of the presence of acids on 
the decomposition of an ester in dilute water solution, into the corre- 
sponding alcohol and the corresponding acid. 

According to the discussion on p. 457 ef seq., as a result of the 
mass-action, the cleaving [saponification] will be complete in the 
presence of a large excess of water; and therefore we obtain, as the 
coefficient of the velocity with which the ester and water unite to 
form alcohol and acid, the same equation as in the case of sugar 
inversion, viz. 

l a 
ne A log se 
provided that in neither case the concentration of the water suffers 
a marked change; and also provided that by a we understand the 
quantity of the substance present when the time t=0; and by x, the 
quantity of substance changed in the time t. 

A simple titration shows the progress of the reaction. The velocity 

1 Zeitschr. phys. Chem. 22. 492 (184). 2 Tbid. 28. 442 (1897). 

3 See the works of P. Th. Miiller (1894), Levy (1895), Trey (1895), also the mono- 


graph mentioned on p. 334, by Landolt (p. 238 et seg.), and especially Osaka, Zeitschr. 
phys. Chem. 35. 661 (1900). The rotation of milk sugar is discussed below. 
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of the decomposition at ordinary temperatures is extremely small ; but 
it is very greatly accelerated by the presence of an acid, although this 
acid may not participate noticeably in the reaction. As was similarly 
true of sugar inversion, we can arrange the very abundant and also 
apparently very complicated material here observed, for which we are 
indebted to Ostwald,! in a clear way, under the following simple 
principles. 

1. The velocity with which the ester is saponified is at every 
moment proportional to its concentration, i.e. the velocity coefficient 
remains constant, in the sense of the Guldberg-Waage theory. 

2. The catalytic action of an acid increases with the degree of its 
dissociation, and the velocity coefficient is approximately proportional 
to the number of hydrogen ions. 

3. In a secondary way the catalytic activity of the hydrogen ions 
is considerably increased by the presence of neutral salts. 

The measurement of the velocity of the decomposition of esters thus 
furnishes a method for determining the number of hydrogen ions in a 
solution. This method was applied by Walker (p. 532) in a very 
ingenious way to investigate the “‘ hydrolytic dissociation” of salts: their 
respective magnitudes could be ascertained by measuring the velocity 
with which the methyl acetate added to the solution was catalysed ; 
and this formed a measure of the quantity of the free acid separated 
from the salt, and thus at the same time the strength of the base of 
the respective salt (a chloride) was estimated at least approximately. 


According to the extensive investigations of B. Léwenherz,? the rate of 
saponification of various esters by the hydrogen ions is nearly independent 
of the nature of the alcohol contained in the ester, but depends largely on 
the nature of the acid contained. The behaviour of salicine towards acids is 
similar to that of cane sugar ; it decomposes into dextrose and saligenin with 
separation of a molecule of water.® 


Formation of Sulphuretted Hydrogen from its Elements.— 
There is only a very small number of reactions occurring in the 
gaseous state which are free from secondary disturbances, such as 
chemical action or absorption by the walls of the vessel; and their 
experimental treatment mostly meets with very great difficulties. 
Bodenstein* has recently done a great service in systematically 
studying gas reactions from the point of view of chemical kinetics, 
and after discovering a series of sources of error has worked out 
exact methods for it. 

He showed amongst other things that with a sufficient excess of 


1 J. pr. Chem. [2], 28. 449 (1883); see also Trey, ibid. [2], 84. 353 (1886). 

2 Zeitschr. phys. Chem. 15. 389 (1894). 

3 A. A. Noyes and W, J. Hall, tbid. 18. 240 (1895). 

4 Gas reactions in chemical kinetics, ibid. 29. 147, 295, 315, 429, 665; 30.113 


(1899). 
a 


“4 
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sulphur the formation of sulphuretted hydrogen occurs according to 
the formula 


dx 
‘dt = k(a Tr xX), 


where a—x is the amount of hydrogen present at the time t. The 
sulphur, which occurs as a liquid, evaporates fast enough for its active 
mass (like that of water in the preceding example) to remain 
practically constant. The following numbers obtained at 310° 
indicate the satisfactory constancy of k(a = 0°9557). 


t. Xs k. 
720 0°1680 0°000117 
1440 0°3049 0°000116 
2160 0°4145 0°000114 
2880 0°5258 0:000123 
4320 0°6610 0°000118 
5760 0°7572 | 0°000118 
7200 0°8289 | 0°000122 
* 8640 0°8494 0:000121 
10080 0°9012 0000123 

| 

| Mean . | 0°000118 


It is noteworthy that catalytic influences very often occur in gas 
reactions ; thus the formation of »seleniuretted hydrogen, which is also 
unimolecular, is mainly influenced by the catalytic action of solid 
selenium. 


Unimolecular Reactions.—The same formula for the velocity 
coefficient, and the same course of the reaction which we met in the 
case of the inversion of sugar, we find in all cases where the system suffers 
an essential change of concentration as a result of the change of only one 
molecular species. 

Thus, according to researches conducted by Harcourt and Esson as 
early as 1865, potassium permanganate, by oxidising a large excess of 
oxalic acid, which is added, disappears according to the logarithmic 
formula. 

According to the researches of van’t Hoff,’ the same is true of the 
splitting of di-brom-succinic acid into brom-maleic acid and hydro- 
bromic acid ; and also for the decomposition of mono-chlor-acetic acid 
into elycolic acid and hydrochloric acid, ete. 

Following the usage of van’t Hoff we will call reactions of this 
sort unimolecular ; their course always corresponds to the differential 
equation, <3) 

ld Etudes de dynamique chimique (Amsterdam, 1884), pp. 13 and 113. 
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dx 
— =k(a-x 


In an analogous way, we will call those reactions, in the course of 
which there is a change in the concentration of n molecular species, 
n-molecular reactions. 


Bimolecular Reactions— The Saponification of Esters.— 
The classical example of this case, where the concentrations of two 
molecular species are considerably changed in the course of the re- 
action, is the saponification of esters. By bringing together a base with 
an ester in water solution, there are formed gradually the corre- 
sponding alcohol, and the salt from the positive ingredient of the 
base and the negative ingredient of the ester: the reaction takes 
place according to the scheme— 


CH,COOC,H, + NaOH = CH,COONa + O,H,OH 
Ethyl acetate. Sodium Sodium acetate. Ethyl alcohol, 
hydroxide, 


Let a and b represent the original concentrations of the base and 
of the ester respectively; and let x be the quantity of the ester 
changed after the time t; this can be easily and sharply determined 
by the titration of the quantity of the base yet remaining. Thus the 
reaction velocity for every moment is given by the equation, 


dx 
i k(a — x)(b — x), 
or rearranged, . 
dx 1 1 
Roce oe 


The integral of this equation is 


l 
ieee “im (b — x) -In(a- x)| = kt + const. ; 


and, since x = 0 when t= 0, we have 


mee (In b-In a) = const: ‘ 
a-—b 


from which we finally obtain, by subtraction, 
1 (a — x)b 
k= ] os 
(a — b)t ” (b —x)a 
Saponification was first studied from the standpoint of the law of 


mass-action, by Warder ;! and later and more thoroughly by van’t 
Hoff,? Reicher,? Ostwald,* Arrhenius, Spohr,® and others. 


1 Ber, 14, 1361 (1881). 2 Btudes, p. 107. 
3 Lieb. Ann. 128. 257 (1885). 4 J. pr. Chem. 85. 112 (1887). 
5 Zeitschr. phys. Chem. 1. 110 (1887). 5 Ibid. 2. 194 (1888). 
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It appears that the preceding formula harmonises excellently with 

the values obtained for the stronger bases. Thus the following results 

were obtained for the action of sodiwm hydrowide, which was présent 

in slight excess, on ethyl acetate at 10°; the basic [alkaline] titration 

of the reaction mixture, denoted by c, corresponded as follows to the 
respective times t, counted in minutes. 


t (time), ¢ (titrat). k. 
0 61°95 | Bee 
4°89 50°59 2°36 

10°37 42°40 2°38 
28°18 29°35 2°33 
oO 14°92 tae 


The figures under ¢ denote the number of ¢.c. of a ee normal 


acid solution required to neutralise 100 c.c. of the reaction mixture: in 
. order to reduce these figures to our customary standard of concentra- 
tion, viz. g.-mol per litre, we must multiply them by wate 
Now the quantities a, b, and x in the preceding formula of course 
- correspond: a to the original titration 61°95; b to the original 
titration minus the final one, z.¢ 61°95 -14:92=47:03; and x to 
61°95-¢. The formula then becomes 


2°303.2326 © 6. 47-03 
1£92.¢ °°61-95(c — 14-92) 


k= 


The factor 2°303 reduces the natural logarithms to ordinary 
| logarithms. The values for k, given in the third column of the pre- 
| ceding table, vary about a mean value, within the limits of error of 
f experiment. The significance of k, considering the fact that the time 
| has been estimated in minutes and the concentration in g.-mol per 
| litre, is as follows :— 

: Tt denotes the number of g.-mol of the ester which would be saponified 
_ in a minute, if 1 g-mol of ester and 1 g.-mol of sodium hydromde should 
| react on each other in.1 litre, and provided that one had an apparatus which 
| would constantly remove the resulting reaction products from the system, and 
| as constantly renew the corresponding quantities of base and of undecomposed 
\ ester. 

If one causes equivalent quantities of ester and of base to react 
"on each other, then the reaction velocity at each moment will be 
HE simply \ 


- =k(a— x), 
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which, when integrated, becomes 


x 
~ t(a x)a 
The question regarding the variation of the reaction velocity with the 
nature of the ester and of the base has been systematically investigated 
by Reicher ; his results were as follows :— 
1. The saponification of methyl acetate at 9°4°, by the various 
bases. 


k k. 
Sodium hydroxide . : 2°307 || Strontium hydroxide . ‘ 2°204 
Potassium ,, . : 2°298 Barium Role; 5 ‘ 2°144 
Calcium a ; , 2°285 Ammonium ,, ‘ j 0-011 


2. The saponification of the acetic acid esters of the various 
alcohols, by means of sodium hydroxide at 9:4°. 


k k, 
Methyl alcohol . : . | 37493 || Iso-butyl aleohol : q 1618 
Ethyl a ‘ ; : 2°307 Iso-amyl _,, ; 4 1°645 
Propylene es. ; : ; 1°920 


3. The saponification of the ethyl esters of different acids, by 
means of sodium hydroxide at 14°4°. 


k. as | 
Acetic acid 5 i ; 3°204 || Iso-butyric acid. : : 1°731 
Propionic acid . : : 2°816 || Iso-valeric ,, . : : 0°614 
; Fe 
Butyric acid. : : 1°702 || Benzoic eee : 0°830 | 
| 


Thus it appears that the strong bases possess a reaction ites! 
which is about the same; and that as regards the esters, on the whole, © 
their reaction velocity is the smaller, the greater the number of atoms 
contained. ¥ 

The numbers also show that the nature of alcohol contained in the 


: 
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ester is of less influence than that of the acid; this result has come 
out even more strongly in recent researches.! 

The influence of the nature of the base was afterwards very thoroughly 
investigated by Ostwald, in all the gradations between sodium and 
potassium hydroxide (which operate most quickly), and ammonia and 
allyl-amine (which operate very slowly), and he observed a remarkable 
phenomenon. In the case of the weak bases the preceding formula 
fails utterly ; thus in the saponification of ethyl acetate by ammonia, for 
the times (t), he found the following corresponding velocity coefficients, 
which are not directly comparable with the preceding ones. 


t k 

0 te 

60 1°64 

240 1:04 
1470 0°484 


These values of k are by no means constant. Ostwald found as 
the reason for this that the neutral salt produced (ammonium acetate) 
exerted a very strong effect in hindering the progress of the reaction, which 
explains the extreme retardation of the saponification. 

Thus in the saponification of ethyl acetate, when an equivalent 
quantity of ammonium acetate was added at the outset in addition to 
the ammonia, the other conditions of the experiment being unchanged, 
the following values were found : 


t k 

0 ia 
994 0°1388 
6874 07120 
15404 0°119 


As a result of the addition of the neutral salt of ammonium, the 


- reaction velocity becomes considerably smaller, but at the same time 


the velocity coefficient becomes much more constant; the latter fact 


_ is explained by the circumstance that the concentration of the ammonium 


acetate changes, relatively, much less during the course of the reaction. 
This remarkable influence, which is exerted by the presence of 
neutral salts, was afterwards investigated by Arrhenius, who, on the 
basis of very abundant material of observation, succeeded in establish- 
ing the following propositions :— 
1. The saponification velocity of the stronger bases in fairly ex- 


tended dilution is only slightly changed (less than 1 per cent) by the 


_ presence of neutral salts. 


2. The saponification velocity of ammonia is exceedingly depressed 


by the presence of ammonium salts; and, moreover, equivalent 


quantities of the most different salts exert nearly the same effect. 


y 


Thus the relation between the velocity coefficient k of the action 


_ of a #5 normal solution) of ammonia on the equivalent quantity of 


ve Hemptinne, Zeitschr, phys. Chem. 18. 561 (1894)!: Lowenherz, ibid. 15, 395 (1894). 
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ethyl acetate, and the quantity S of any selected ammonium salt of 
a mono-basic acid, may be expressed by means of the following 
formula, which is purely empirical, and refers to a temperature 
of 24°7°;— 

01561 
~ 1412418 - 114138” 


k 


The Theory of Saponification.—The relations described above, 
which seemed at first to be very puzzling, are now shown to be a 
necessary result of the law of mass-action, on the assumption of the theory 
of electrolytic dissociation. 

If we consider the process of saponification in the light of this 
theory, it appears to consist in the action of the hydroxyl ions upon 
the ester molecule, in the sense of the equation 


+ = - + 
CH,CO,C,H, + Na +OH=CH,COO + Na + C,H,OH, 
or more simply, 
CH,CO,C,H, + OH = CH,COO + C,H,OH. 


The positive ingredient of the base thus plays a perfectly indifferent 
réle.1 Therefore bases dissociated to the same degree must exert 
effects of the same degree of strength upon the ester; in fact such is 
the case with sodium and potassium: hydroxides. And the less the 
base is dissociated, the weaker is the action ; as, in fact, is shown by 
ammonia, or ammonium hydroxide rather, which is cleaved into its 
ions only. in the slightest degree, and which accordingly saponifies 
with a corresponding slowness. Moreover, this is established in a 
very striking way by the investigations of Ostwald. 

As has been already shown to be necessarily true in analogous 
cases in “ Chemical Statics,” so here also the active mass in the mechanism 
of the reaction corresponds, not to the. total quantity of the base introduced, 
but only to the quantity which is dissociated. 

Thus let us denote the degree of the dissociation by a, then the 
formula previously used must be corrected to 

Gscyeie 

Filed k’a(a - x)(b — x). 
Now the degree of dissociation of the base is given by its dissociation 
constant, by its concentration, and by the quantity of neutral salt 
produced from it. For the stronger bases (which are almost as highly 


dissociated as the corresponding neutral salts produced from them in — 
the reactions), « remains constant during the progress of the reaction. — 
For in a mixture of any two equally dissociated electrolytes having — 


} We find, therefore, that saponification by barium hydroxide is not a trimolecular 


reaction (Ba(OH),+2CH,CO,0,H;=...), but bimolecular (OH + CH,CO, C,H; = ey 


as the above equation requires. 


| 
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ions in common, at the same total concentration, the dissociation is 
independent of their relative masses (p. 514), and the latter always 
remains constant during the reaction. Thus if we make 

k’a =k, 
then the preceding equation again assumes the original form, which 
harmonises with experiment. 

But the behaviour is quite otherwise in the case of a base, the 
degree of dissociation of which is very different from that of the 
resulting salt, 2g. when the dissociation of the base is much weaker ; this 
is the case with ammonia and ammonium acetate. Thus it will result 
that the degree of dissociation of the base will be caused to retreat 
very much during the progress of the reaction, and also the saponifi- 
cation velocity must diminish much more quickly than it should, if 
it corresponded to the diminution of the concentration during the 
reaction ; because during the reactions there are produced a relatively 
large number of ammonium ions. This in fact was found to be true, 
as above. In this way also the restraining action of the original addi- 
tion of ammonium acetate is explained. 

Now by means of the saponification constants of potassium 
hydroxide, one may calculate the saponification constant of ammonium 
hydroxide in the presence of any quantity of ammonium salts, in the 
following way.? 

The saponification constant of potassium hydroxide at 24°7°, and 
at a concentration of ; ) normal, amounts to 6°41 on the scale pre- 
viously employed ; moreover, as shown by both theory and by experi- 
ment, it is almost independent of the concentration. The saponifica- 
tion constant of ammonium hydroxide at the same concentration, and 
with or without the presence of ammonium salts, according to theory, 
must be as much smaller as its dissociation under the same circumstances 
is less than that of potassium hydroxide, which latter substance, accord- 
ing to its conductivity, is dissociated into its ions to the extent of 97:2 
per cent. But now the degree of dissociation of a jy normal solution 
of ammonium hydroxide, as calculated on the basis of its conductivity 
(p. 366), amounts to 2°69 per cent ; and its degree of dissociation in the 
presence of a quantity S of a binary ammonium salt,—which we may 


_ regard as being completely dissociated at large dilution, as is the case 


here,—may be calculated without noticeable error by means of the 
following equations ;—these equations are obtained by a double applica- 
tion of the isotherm of dissociation, firstly to the pure ammonium 
hydroxide, and secondly to that-containing an ammonium salt, thus— 

i i _K 1 — 00269 

40 40 

a / o =a 

ea arn 
1 Arrhenius, Zettschr. phys. Chem. 2. 284 (1888). 
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here a denotes the degree of dissociation sought, and K denotes the 
dissociation constant of ammonia. We thus find the saponification 
velocity k, in the presence of the quantity S of a neutral salt, to be 


a 
= 9.979°*) 
and similarly for pure ammonia, 
0°0269 me 
k =p ary 641 = 0177 


In the following table there are given the values of k, on the one 
hand the results being calculated in the way just indicated, and on 
the other hand the results being calculated according to the formula 
(p. 564), which was empirically deduced by Arrhenius ; the latter values 
of k may therefore be regarded as the immediate expression of a 
direct observation. 


8S. a. k Cale. k Obs. 
0 269% 0177 | 0°156 
0'00125 1:21 0080 07062 
0°0050 0°71 0°047 0039 
0°0175 07118 0°0078 0°0081 
0°0250 | 0°082 0°0054 0-0062 
0°0500 0°042 070028 | 0-0033 

| 


When one considers that the calculation employs as its basis the 
very much greater values of the saponification coefficients of potassium 
hydroxide, the coincidence between the last two columns must be 
regarded as actually surprising ; and this may be expressed as— 

The saponification velocity, under conditions which are similar im other 
respects, 1s actually proportional with very close approximation to the quantity 
of free hydroxyl ions present. In this way we are able to calculate the 
saponification velocity of any selected base, from its degree of dissociation. 


Measurements of the velocity of saponification of dissolved esters is 
therefore a means for determining the quantity of hydroxyl ions present in 
a solution. Shields (p. 533) made use of this means in determining the 
hydrolysis of the salts of strong bases. E. Koelichen showed that the con- 
densation of acetone to di-acetone alcohol in aqueous solution is accelerated 
by hydroxyl ions and can therefore be used to determine their concentration 
quantitatively. 

Very remarkable results have been found by Wijs? in studying the rate 
of saponification methyl acetate by pure water, This process clearly occurs in 
the following way. If the ester is dissolved in pure water the saponifying 


1 Zeitschr. phys. Ohem. 88. 129 (1900). 2 Ibid. 12. 514 (1898). 


\ 
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action of its hydroxyl ions yields acetic acid and methyl alcohol according to 
the equation :— 


CH,CO,CH, + OH = CH,C00 + CH,OH ; 


hence the number of hydroxyl ions is reduced, and that of the hydrogen 
ions increased. But the hydrogen ions also possess the power of saponifying 
(p. 557), although to a much smaller degree than the hydroxyl ions; the 


* comparison between the rate of saponification by acids and alkalies show that 


¥ 


the former occurs about 1400 times as slowly as the latter. These considera- 
tions show that at first the rate of saponification in pure water of the 
dissolved methyl acetate must fall very rapidly on account of the reduction 
in the number of hydroxyl ions, but later, when much acetic acid has been 
formed, and the water becomes decidedly acid, it will increase again because 
the catalytic action of the hydrogen has reached a considerable amount. 
Hence there must be a minimum of the velocity of saponification whose 
position can be calenlated as follows. 

Let us suppose the experiment so carried out that the concentration of 
the ester is kept constant, then the velocity of reaction is 


dx 
dt 
where k, and k, are the velocity coefficients for the saponification by 
hydroxyl and hydrogen ions respectively and for the constant concentration 


of the ester. 
The equation (p. 518), 


SOW Rin eee oe.) atl) 


[HOH] =e, 
differentiated gives the equation 


Cea jouy tel _o aes Fat) 


To find the position of the minimum we must differentiate equation (1) 
with respect to t and put it equal to zero, 


@x_, q{0H] | a[H] 


colis  Ghe 2 dt 


Equation (3), however, is satisfied, as may be seen by comparison with 
(2), when 


Sethi hee’ 768) 


[St] Sal ealc Gass, 


which determines the position of the minimum ; since hydroxyl ions saponify 
1400 times faster than hydrogen ions the time in question must occur when 
the concentration of the hydrogen ions has become 1400 times as great as 
that of the hydroxyl ions; it may also be easily proved that the minimum 
velocity is 18 times smaller than the initial velocity. 

To test these relations experimentally the rate of decomposition of the 
ester was determined by measuring its electric conductivity ; 1 appeared that, 


m agreement with the theory, the velocity of reaction first fell off, reached a 


mnmum, and then rose again. To calculate the electrolytic dissociation of 
water the minimum velocity is the most favourable, so that the values given 
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on p. 519 were determined by calculating the concentration of hydrogen and 
hydroxyl ions from the observed velocity. The condition that the concen- 
tration of the ester should remain constant is easily attained, since the 
amount of ester decomposed in this early stage of the reaction is only a small 
fraction of the whole. 


Tri- and Multi-Molecular Reactions.—When the three mole- 
cular species, which vanish from the system in a tri-molecular reaction, 
are present in equivalent proportions, then the reaction velocity is 


dx 

Asa a LPNS. 

dt k(a x) d 
or, considering that x = 0 when t = 0, 

_1 x(2a-x) 


~ t Qa%(a— x)? 
Noyes } has in recent years found the first case of such a reaction 
in the action of ferric chloride on stannous chloride 
2FeCl, + SnCl, = 2FeCl, + SnCl,. 


To prevent secondary disturbances it was found useful to add a small 
amount of the products of reaction. 


0:025 norm. SnCl, 0°025 norm. FeCl, 

0°025 norm. SnCl, 0:025 norm. FeCl, 
x. a-X. k,. 
2°5 0-00351 0-02149 | 113 
3) 0:00388 0:02112 107 
6 0:00663 0°01837 114 
all 0°00946 0°01554 116 
15 0:01106 0°01894 118 
18 0°01187 0°013813 alle 
30 0°01440 0:01060 122 
60 0:01716 0°00784 122 


In the same way A. A. Noyes and R. S. Wason? showed that 
the reduction of potassium chlorate by ferrous chloride in acid solution 
is a tri-molecular reaction ; the same is true for the reduction of silver 
salts by silver formate.® 

Again W. Judson and J. W. Walker * succeeded in finding a good 
example of a quadri-molecular reaction in the action of bromie acid on 
hydrobromic acid ; apparently this occurs (see the section below on 
“Complication of the Course of Reaction ”) according to the formula 

1 Zeitschr. phys. Chem. 16. 546 (1895). 2 Ibid. 22. 210 (1897). 


3 A. A. Noyes and G, Cottle, ibid. 2'7. 579 (1898). 
4 Journ. Chem. Soc., 1898, p. 410. 


, 
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+ = = 
2H + Br + BrO, = HBrO + HBrO,,. 
Finally, Donnan and Rossignol! have shown that the reaction 
2KI + 2K,Fe(CN), = 2K,Fe(CN), + I, 


in neutral solutions is quinqui-molecular ; the actual process is probably 
that given by the formula 


2Fe(CN), + 31 = 2Fe(CN), + I,. 


That tri-molecular reactions are rare, and those of higher orders 
still rarer, is evident from the kinetic considerations developed on 
p. 443; the probability of the simultaneous collision of several 
molecules is exceedingly small, the velocity of poly-molecular reactions 
can therefore only be appreciable under quite exceptional conditions.” 
Hence most apparent poly-molecular reactions really take place by 
means of simpler (uni-, bi- and very rarely tri-molecular) ones, which 


_ oceur successively. This is confirmed by experience. 


The study by O. Knoblauch ® on the velocity of saponification of 
esters of polybasic acids is an excellent example of this. If we indicate 
by R” the radical of a dibasic acid, its ethyl ester is saponified by 
caustic soda according to the equation 


R’(C,H,), + 2NaOH = R’Na, + 2C,H,OH ; 


_ on investigating the course of reaction it appears that this is never a 


tri-molecular reaction, but that the process occurs in the two stages 


1. R’(C,H,), + NaOH = R"(C,H,)Na + C,H,OH 
2. R’(C,H,)Na + NaOH = R’Na, + C,H,OH 


consisting therefore of two consecutive bi-molecular reactions. In 


- following the process quantitatively it is therefore necessary to apply 


the law of mass-action to the two latter equations, that is, a special 
velocity constant must be introduced for each of the two practically 
complete reactions. 

It may be pointed out here that there is a fundamental difference 
between the formule of chemical statics and chemical dynamics ; only 
the latter can throw any light upon the mechanism of the reaction, 


while the former are entirely independent of the way by which 
| equilibrium is attained. It can be easily shown, for example, that 
| the equilibrium formule of the reaction mentioned above are the 
same, whether the ester of the polybasic acid is formed directly or 
indirectly, while the course of the reaction must be entirely different 
in these two cases. — 


The Course and the Mechanism of a Reaction.—We have 


1 Trans. Chem. Soc. 83. 703)(1903). [But see Zeitschr. phys. Chem. 68. 513.] 
% See also van’t Hoff, Ohemische Dynamik, p. 197, Braunschweig, 1898. 
8 Zeitschr. phys. Chem. 26. 96 (1898). 
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seen, in the preceding paragraphs, that the course of the reaction always 
varies in a characteristic way with the number of the molecular species, 
which experience a considerable change in the course of a reaction in 
a system considered as homogeneous. This is clearly shown by the 
following formule, which serve to calculate the velocity coefficients 
for equivalent quantities of the reacting ingredients. These, in order, 
are given, namely, 


3 : oe a 
for uni-molecular reactions, by the expression ; ln oe 


a ; : 1 as: , 
for bi-molecular reactions, by the expression t Geena 
1 x(2a—x) 


Espa 7, etc, 
t 2a7(a — x?) 


for tri-molecular reactions, by the expression 


These expressions are so different from each other that, if the course 
of the reaction exhibits a constant velocity coefficient by applying one 
of the preceding formule, this is never the case in the use of one of 


the other expressions. If we make x= = i.e. if we calculate the time 


required to change one half of the quantity of the substance capable of change, 
we find in the first case that the time is independent of the original 
concentration of “a” employed ; that in the second case it is inversely 
proportional to this ; that in the third case it is inversely proportional 
to the square of this; and that in general, in an n-molecular reaction, 
this time is inversely proportional to the (n — 1) power of this original 
concentration. 

Thus one may decide the question, How many molecular species 
participate in a reaction’!—simply by starting out with equivalent 
quantities of the reacting substances, and then determining in two 
experiments (which differ in concentration) the time required to 
consume one half of the substances capable of reaction. 

The honour of first showing the possibility of obtaining a glimpse 
into the mechanism of a reaction from its course belongs to van’t 
Hoff, who has made some applications of it in his classical treatise, 
Etudes de dynamique chimique (1884), which has been frequently cited in 
what has preceded. 

As van’t Hoff showed,! the slow course of a uni-molecular reaction 
in a gaseous system proves that the molecules of a gas are not all in | 
the same condition, otherwise they would either decompose simultane- | 
ously or not at all. The occurrence of all stages of velocity of reaction | 
speak strongly in favour of the kinetic views, and especially of — 
Maxwell’s conception (p. 204), that the temperature of a single gas — 
molecule oscillates about a mean. 

Very often it happens that a reaction will begin simply and 


smoothly, and it is not until it has advanced to quite a distance, and | 


1 Chem. Dynamik, p. 187, Braunschweig, 1898. 
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after the resulting quantity of the reaction products has attained to 
considerable magnitude, that it is disturbed by side reactions. In 
these cases one can draw some conclusion regarding the number of 
molecules of the reacting substances from the dependence of the 
original velocity upon the original concentration of the reacting 
substances. 

_ At equivalent concentration c of the reacting ingredients, when n 
molecules react upon each other, the original velocity is 


Veet 


now, by observing the original velocities v, and v, of two different 
concentrations c, and ¢,, we have, 


| Although it is very difficult to ascertain the original velocity 
directly, and although the results obtained in this way, at all events, 
are only approximate, yet they are usually sufficiently accurate to 
discriminate between the results; for n represents a whole number in 
‘all cases. Thus van’t Hoff! found, in studying the action of bromine 
upon fumaric acid in dilute water solution—a reaction which leads 
‘smoothly to the formation of di-brom-succinic acid only in its first 
-stage—the result 

n= 1°87, instead of 2 ; 


this comes sufficiently near to what was expected. 


Further applications of this important method are to be found in van’t 
‘Hoff,? Nernst and Hohmann,? and A, A. Noyes* In practice it is more 
‘accurate, as the author showed in the work with Hohmann mentioned, to 
determine the expressions 


1 a ar eX 1 x(2a — x) Rs 
— e 
Pee = fa x” (aa x)’ 


in the initial stage, and see whether they are independent of the volume of 
the reacting mixture or inversely proportional to the first power or inversely 
proportional to the second power. 


After all this repeated and emphatic proof, it hardly needs any 
; ‘other special demonstration to show that one cannot draw any con- 
clusion by any of the methods indicated respecting the question,— 
|Whether a molecular-species which is present in great excess (the 
‘solvent, ¢.g.) participates in the reaction or not. The case here 
‘resembles that previously encountered (p. 469), where it was shown 
that the hydration of dissolved substances exerts no influence on the 
depression of their fee iae point. 


\ 1 Btudes, p. 89. 2 Chem. Dynamik, p. 198. 
8 Zeitschr. phys. Chem. 11, 375 (1898). 4 Ibid. 18. 118 (1895). 
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The Reaction-Velocity and the Constitution.—TZhe principle 
of intramolecular reactions (p. 291) depends upon the study of the 
readiness with which the cleavage products of the compounds in — 
question are formed; this has been repeatedly applied to special | 
questions in stereo-chemistry (pp. 299, 301). 

We have now become familiar with the methods by which the 
conception of “readiness” (which is doubtless somewhat vague) can || 
be replaced by the knowledge of well-defined magnitudes capable of 
numerical expression, viz. the reaction-velocities. The practical applica- 
tion of this information will, to a large extent, still remain a task for || 
the future, but it has already been applied with good results. | 

It was Evans! who saw a connection between the stereo-chemical — 
constitution of chlor-hydrine and the velocity with which it forms |) 
hydrochloric acid in = sense of the reaction, a 


Sn + KOH = KC] + H,0+R:0; 
“Gl 
the progress of the reaction as it takes place in dilute solution is |) 
ascertained by the titration of the resulting potassium chloride. 

In discussing his results, Evans starts out with the view that the 
distance between the chlorine and the hydroxyl in the molecule 
conditions the velocity of the formation of the oxide, ze. the velocity 
will be greater the nearer the two radicals are situated with reference | , 
to each other. Space does not allow a thorough discussion of the |, 
results obtained regarding the constitution of the seven chlor-hydrines | 
which were investigated. | 


Application of Chemical Kinetics to determine the Course} | 
of Chemical Reactions.—We have already considered one such |}; 
application (p. 569); this method has been largely used by Heinrich | 
Goldschmidt and his pupils. As an example we will discuss in detail | 
an investigation by Goldschmidt and Merz? on the formation of azo- | 
dyes. Diazobenzene sulphonic acid and dimethylaniline hydrochloride |) 
unite with measurable velocity to form methyl orange, 

is Ne is /S =NOgH,N(CH,), + Ol. 

ae, fe + C,H,N(CH,),HCl = C,H 


80, H | [ 


Satie forms of the ean hedeoabloeel abs took part in | 
the reaction. The three forms are H 


0 a pM er 


(1) the cation O,H,N(CH,),H ; 
(2) the undissociated salt C,H;N(CH,),HCl ; 
(3) the free amine C,H,N(CH,), formed by hydrolysis. 


1 Zeitschr. phys. Chem. 7. 387 (1891). 2 Ber. 30. 670 (1897). 
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From the law of mass-action the concentration of each of the forms 
can be determined as a function of the total quantity of amine 
present. The velocity of change must be proportional to the concen- 
tration of the reacting form, and hence in Case 1 (as electrolytic 
dissociation is fairly complete) should be nearly proportional to the 
total concentration, and somewhat diminished by excess of hydro- 
chloric acid, which would tend to diminish dissociation. Case 2 is 
‘analogous, but the velocity would be somewhat increased by the 
presence of excess of acid. Experiment showed that neither condition 
was satisfied. On the other hand, if the velocity is calculated on the 
third assumption, we obtain 

dx). 

dt 

where (a — x) is the concentration of the diazo acid, and € that of the 
amine formed by hydrolysis. But since 


K(a— x)é 


free base x free acid 
salt x water 


Kétb+x) 5 


a-€-x 


= constant, 


we get 


where b is the excess of hydrochloric acid added, and a the original 
‘concentration of the amine. Now € is small compared toa and x, and 


therefore : 
(b+ x) _ K, 
f Elbe 
_ hence 
dx 1 ,,(a =x)’ 
‘ab S lptse” 


: 

This equation was exactly confirmed by experiment: addition of 
_HCl(b) retards the reaction. The percentage change is (as in a 
' reaction of the first order) independent of the concentration, and also 
_the numerical values for kK in different experiments agree satis- 
factorily with each other, as the following table shows :— 


a=0°0282 b=0°0282 kK=0-0056 

| 0°0282 0:0564 0°0058 
; 0502825 0°0846 ' 0°0055 
| 0°0200 0-0200 0-0050 
0°0850 > 0:0350 0:0058 


: The Progress of Incomplete Reactions.—Finally, we will 
| devote a few words to the general case where the reaction stops at a 
point where only a small part: of the possible decomposition is effected. 
This occurs in esterification (p. 457); thus, ¢g., if one mixes 1 g.-mol 
‘of alcohol with 1 g.-mol of acetic acid, the mutual action comes to a 


¥ + 
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pause after two-thirds of the maximum possible quantity of ester has 


been formed. 
The reaction velocity for the time t, when the quantity of ester 


formed is x, is here given by the equation, 
= =k(1 — x)? - kx’, 
where k and k’ denote respectively the velocity constants of the two 
opposed reactions. If we introduce into the preceding equation the 
value of the ratio of these two constants, viz. 
k 
ae 
as ascertained from the equilibrium of the system, then by integration ! 
we obtain 


4, 


4 il 2'-x 
a(k-¥) =| bos sae 

The velocity of esterification, under the preceding conditions, was ~ 
measured at the temperature of a dwelling-room by Berthelot and — 
Péan de St. Gilles ; their results were as follows :— 


| Time t. x Obs. x Cale. 
0 days 0:000 0-000 
UO 5 0°087 0-054 
LO. 07121 0-098 
A) 0°200 07190 
G4. 55 0:250 0°267 
L038 5, 0°345 0°365 
IS Times 0°421 0°429 
HIG (ioe 0°474 0°472 
SO sae 0°496 0-499 
CO) hash 0677 0°667 


The calculated values? of x, as given in the third column of the } 
preceding table, are obtained from the theoretical formula, by assuming 
that . 


4 an 
3(k-¥) = 0-00575. 


Moreover, the coincidence between experiment and calculation is good — 
throughout, except at the beginning of the series, where some disturbing | 
side reactions seem to have occurred. We will refer to the calculation — 
again at the close of this chapter. 

1 For the way of carrying out such calculations see, for example, Nernst and 5) 
Schonflies, Hinfiihrung in die math. Behandl. der Naturwissenschaften, 6th edit. p. 114, 
Miinchen, 1910. 


ve 2 Guldberg and Waage, J. pr. Chem. [2], 19. 69 (1879) ; Ostwald’s Klassiker, No. 
4, 4 


i 
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If a small quantity of acid be added to a concentrated solution of 
water in alcohol, the concentration of the water and the alcohol may 
be regarded as constant, and we have for the velocity of reaction 


dx 
ae 7 h@ - x) — yx, : : 3 (1) 


where a is the amount of acid added and x is the amount of ester 
formed in the time t. This equation of course holds also when a small 
quantity of ester is added to the alcohol-water mixture, and a is the 
quantity added to the solution, x is the quantity of ester decomposed 
in the time t ; only that in this case the reaction proceeds in the opposite 
sense. If in the preceding equation we put the reaction constant 


mick 
aie 
and integrate, we obtain 
1 Ka 
= 2 
pra Kacas Ke gant ar, 


This equation has been tested in a number of experiments by 
W. Kistiakowsky ;! he has in particular given an important proof that 
the value k, +k, obtained is the same whether it is derived from the 
formation or the decomposition of ester. 

Another example of the incomplete course of reaction was found 
by P. Henry? in studying the change of hydroxy-butyric acid into the 
corresponding lactone. Here an abundance of free hydrogen ions (in the 
form of HCl) were added to accelerate the change ; therefore the 
weaker hydroxy-butyric acid could be regarded as entirely undis- 
sociated ; and therefore equations (1) and (2) also apply to this 
reaction. 

In conducting the research, the original concentration of the acid 
amounted to =-4, g.-equivalent per litre: at the beginning a standard 
volume, removed by the pipette, consumed 18°23 cc. of a barium 
hydroxide solution, excluding the hydrochloric acid present. After a 


long time the titration remained constant at 13°28 c.c. Therefore we 


have 
S328. Ti 
es 9 m 
a es 1823.5 13°28 ° 


The series of determinations conducted at 25° were as follows :— 


1 Wied. Beibl., 1891, p. 295; Chemiische Umwandlung in homogenen Gebilden, 
Petersburg, 1895. See also O. Knoblauch, Zeitschr. phys. Chem. 22. 268 (1897). 
2 Zeitschr. phys. Chem. 10. 96 (1892). 
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ii | X. ky+kp 
21 2°39 0-0411 
50 4:98 0:0408 
80 7°14 0:0444 
120 8°88 0:0400 
220 11°56 0-04.04 
320 12°57 0:0398 
47 hours. 13:28 as 


The values in column t denote minutes ; the values in column x are 
the quantities of lactone produced, expressed in c.c. of the barium 
hydroxide solution; on the same scale “a” amounts to 18:23. The 
constancy of the value of k,+k,, as calculated according to the 
preceding equation, is satisfactory. 

The same equation of reaction holds, as Kiister? has shown, for 
the mutual conversion of the two hexachlor- keto-R-pentenes; a 
mixture of the two isomers tends towards an equilibrium which depends 
considerably on temperature. It may be noted that the case 
investigated by Kiister was that of a liquid mixture of the two 
mutually convertible species of molecules without any solvent. 

For the process of autoracemisation we have 


k=k,=k, K=1 


and equation (2) reduces to 


ake = = In =—In 


Ser teniagy 


+3) 


Since only half a is transformed, it follows that equation (3) coincides 
with that of a unimolecular reaction. 


According to Walker and Kay? the formation of urea from ammonium 
cyanate takes place in accordance with the equation 


NH, +CNO=CO(NH,), ; 


if a is the quantity of ammonium cyanate present, a the degree of dissociation 
at the time t, we have 


dx 
dt 


= ka?(a — x)? —k’x, 


Multirotation of Milk Sugar.—C. S. Hudson’ has proved that || 
this is also a case of incomplete reaction, and has completely explained _| 
1 Zeitschr. phys. Chem. 18. 161 (1895). 


2 Journ. chem. Soc., 1897, p. 489 ; Zeitschr. phys. Chem. 24. 872 (1897). 
a Zeitschr. phys. "Chem. 44, 487 (1903). 


ay 
{ 
| ‘owap. v CHEMICAL KINETICS 577 


fod 


in this way the process of multirotation mentioned on p. 557. Both 

the hydrate and the lactone of milk sugar slowly change their optical 

rotation in a freshly prepared solution, for in both cases the reaction 
C,pH,,0,.~ > C,5H,,0,, + H,0 

tends to produce equilibrium ; since the rotation of both substances 

can be determined in a freshly prepared solution, the composition of 

the solution at any phase of the reaction, and finally the equilibrium 


can be determined polarimetrically. If a mols of the hydrate are 
dissolved in a large quantity of water, the equation 


dx 

——=k(a— x) -k’ 

ae (a — x) — k’x, 

holds, where x is the amount of lactone produced. If r, is the rotation 
of a mols of the hydrate we a by integration, just as on p. 575 


k+k’= ein gt 
where r is the variable rotation and r,, the rotation in equilibrium. 
Hudson found this equation confirmed in all cases. 


Tautomerism.—Let us consider a mixture of two isomers which 
are capable of mutual conversion as in the case mentioned above 
investigated by Kiister, and let us assume that the equilibrium between 
the two isomers establishes itself very quickly; if we attempt to 
separate the components of such a mixture by any chemical method of 
separation, the other components will be converted into the first in 
consequence of the displacement of equilibrium, that is, the whole 
mixture will react as if it consisted of the first component exclusively. 


| If, on the other hand, we apply a chemical reagent which acts only on 


the second component, the mixture will conversely behave as if it 


| consisted of the second component only. Such a mixture can there- 
' fore react according to two constitutional formule, that is, we have 
| the phenomenon of tautomerism described on p. 294. Thus it has 
| recently been suggested repeatedly! that hydrocyanic acid is a 
| mixture of the molecules NCH and CNH which, however, are mutually 
| converted at ordinary temperatures so quickly that separation of the 
| two is impossible or at least very difficult, just as was the case with 
| the mixture studied by Kiister at higher temperatures, because one of 
| the isomers passes into the other too quickly. According to this view, 


reduction of temperature would be the means for isolating the two 


tautomeric forms. 


The same view of tautomerism explains why, as Knorr? remarked, 


| this phenomenon is only fownd in fluids, whilst for solids we must 
| always assume a definite atructure. 


1 Similar ideas are to be found in Laar, Ber. deutsch. chem. Ges. 18. 648 (1885). 
2 Lieb. Ann. 806. 345 (1899). 
2) 12 
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The most thorough test for the accuracy of this view is in 
separating the isomers and following their mutual conversion. Thus 
Claisen! was able to isolate the enol and keto forms of tribenzoyl 
methane and similar substances, and Wislicenus? those of formyl- 
phenyl acetic ester. These were distinguished not only by their 
melting-point but by their chemical behaviour, for example, the acid 
properties of the enol form and the neutral properties of the keto 
form. The intensive coloration of the enol form by ferric chloride is 
especially characteristic, and was used by Wislicenus to follow the 
course of the inversion and to demonstrate the establishment of 
equilibrium for both sides. It is to be remarked that the velocity of 
reaction varies greatly with the nature of the solvent; as in the case 
of other reactions it is greatest in methyl alcohol, then follow ethyl 
alcohol and ether, and finally chloroform and benzene. : 

Hantzsch ? has made interesting observations on the transformation |) 
of tautomeric forms of nitrophenyl-methane and similar bodies, and | 
has shown that the conversion can be followed by measuring the —| 
electric conductivity. These substances react sometimes as true nitro || 
bodies, sometimes as isonitro bodies— 


C,H: = CH, — Noy C,H, - CH - NO - OH 
Phenylnitromethane. Neutral. Stable Isonitrophenylmethane. Acid. Un- — 
in the free state ; in alkaline solution stable in the free state; stable as 

changes into the other form. salt. 4 


The passage of the second acid substance into the first neutral | 
one is shown by a decrease in conductivity, which finally disappears |} 
altogether. The converse reaction takes place when the first form is || 
dissolved in alkali. Here also a slow decrease in conductivity takes "| 
place which is due to the formation of the alkali salt of the isonitro- | 
phenyl-methane from the free alkali and the neutral phenylnitro- || 
methane, producing the ion of this acid in place of the much more }} 
rapid hydroxyl ion. The neutralisation, which in the case of real || 
acids is almost instantaneous, takes place here in a measurable time, | 
that required for the conversion of the neutral substance into the acid. |} 
Hantzsch describes such compounds, which are not definite acids, as | 
pseudo-acids. These are also distinguished by an exceptionally large |} 

- temperature coefficient of conductivity, which increases with rising | 
temperature ; also by dissociation constants which change abnormally |} 
fast when the temperature increases, and by noticeable colour change |} 
on change of temperature. 

Hollmann ‘ has given another excellent example of the equilibrium |} 
between the different modifications of a substance in his study on the | 
modifications of acetaldehyde, while Dimroth ® has studied the velocity ~ 
of such changes. i_ 

1 Lieb, Ann. 291. 25 (1896). 2 Ibid. 291. 147 (18986). 


3 Ber. deutsch. chem. Ges. 32. 575 (1899). Oye 
4 Zeitschr. phys. Chem. 48. 129 (1903). 5 Lied. Ann. 335. 1 (1904). 1} 
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According to these investigations it may be finally assumed that 
tautomerism is nothing less than a kind of isomerism in which the 
velocity of mutual conversion is very great.! 


The Influence of the Medium.—Strictly speaking, we would 
expect to find a constant velocity coefficient in the course of the 
reaction, only in the case of those systems where the nature of the 
medium in which the reaction is completed experiences no essential 
change as a result of the decomposition of the reacting substances. 

This condition is certainly only partially fulfilled, in the case of 
esterification previously considered, in the progress of which the 
nature of the medium is changed considerably ; but the condition is 
apparently very completely satisfied in the case of reactions occurring 
in gaseous systems, and doubtless also in reactions occurring in dilute 
solutions. As a matter of fact, we found in the latter a most excellent 
demonstration of the law of mass-action in its application to chemical 
|. kinetics. 

The question how the reaction velocity changes with the nature 
| of the medium in which the reaction occurs has hitherto been attacked 
only in a desultory way. 

But from the fact that the condition of equilibrium of a gaseous 
system (¢.g. the dissociation of a gas) is not displaced by intermixture 
| with foreign indifferent gases, it undoubtedly follows that the two 
| opposed reaction velocities (which in equilibrium exactly compensate 
_ each other) would be influenced in the same way, if at all; the most 
| probable assumption is that loth of the two reaction velocities remain 
| unchanged, 1.e. that indifferent gases are without imfluence on the reaction 
velocity. Actually E. Cohen? showed that the rate of decomposition 
- of arsine is not altered by the presence of hydrogen or nitrogen. 

The problem, very interesting for many reasons, respecting the 

change in the reaction velocity of a chemical process which occurs 
in a solution, with the nature of the solvent, was first attacked in a 
thorough way by Menschutkin.? For this purpose he selected the 
reaction leading to the formation of tetra-ethyl-ammoniwm iodide, from 
| tri-ethyl-amine and ethyl iodide, thus— 


N(C,H,)3 + C,H,I = N(C,H;),1 


The procedure consisted in diluting one volume of an [equivalent] 
mixture of the two substances with 15 volumes of a solvent; this 
_ was maintained for a definite time-interval at 100° in a sealed glass 
_ tube; thereafter the quantity of the ammonium base produced was 
| determined by titration, so that the progress of the reaction was 
| ascertained. The reaction progressed normally in each one of the 


1 A complete exposition of the views on tautomerism and the experimental material 
_is given by Rabe, Lieb. Ann. 318. 129 (1900). 
 ? Zeitschr, phys. Chem. 25. 483 (1898). 3 Ibid. 6. 41 (1890). 
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twenty-three solvents studied, ce. in accordance with the formula 
which holds good for bi-molecular reactions; but the value of the 
velocity coefficient k varied in a very striking way with the nature of 
the solvent, as is shown by the values given in the following table :— 


Solvent. k. | Solvent. k. 

z 
Hexane . z ; 0:000180 || Methyl alcohol . . | 070516 
Heptane . : . | 07000235 || Ethylalcohol . - | 00366 
Xylene. : . | 0700287 |; Allylalcohol  .- . | 070433 
Benzene . ; . | 0:00584 | Benzyl alcohol . +) 05133 
Ethyl acetate. . | 0°0223 | Acetone. : « | 0:0608 
Ethyl ether : - | 0°000757 || a si 


The presence of a hydroxyl group, and also of an “ unsaturated 
union” in the molecule, according to this, seems to favour the reaction 
velocity ; and, as a rule, in homologous series, the velocity decreases 
with increasing molecular weight. 

But one circumstance would appear to be very remarkable, viz. 
that, according to this, those solvents which are endowed with a great 
“ dissociating force” towards the dissolved substances (see pp. 270 and 
468), are, on the whole, also those which impart the greatest reaction 
capacity to the dissolved substances. But, as was emphasised by 
Menschutkin, the enormous differences between the velocity constants cannot 
be ascribed to the purely physical action of the solvent, such as might 
consist in a difference between the [relative] number of molecular 
collisions. 

Indifferent materials added to the solvent may alter the “nature 
of the medium,” and consequently exercise an appreciable influence 
on the velocity of reaction; the action of neutral salts referred to 
on p. 556 is perhaps to be referred in part to such an influence. 
According to a thorough investigation by Buchbécks,! in the action of 
foreign substances on the decomposition of carbonyl] sulphide dissolved 
in water 


COS + H,0 = CO, + HS 


some connection with the viscosity of the solution is probable.? 
According to present experience the velocity of reaction in the 
gaseous state, at least at_ordinary temperatures, is with few excep- 
tions vanishingly small; the gaseous state is therefore a medium which, 
in accordance with its small dissociating power, imparts to the sub- 
stance present in it very small capacity for reaction. The fact that 
oxy-hydrogen gas reacts slowly at the walls of the vessel may be 


1 Zeitschr. phys. Chem. 28. 123 (1897). 
? See also C. Tubandt, Lieb. Ann. 354, 259 (1907), who investigated the one 
of the medium on the rate of inversion of menthone. 


s 
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explained by saying that the gas absorbed or dissolved by the walls 


of the vessel constitutes a medium of greater facility of reaction ; it 


is well known that the facility of reaction is greater still for oxy- 


hydrogen gas at platinum surfaces. In this way many catalytic processes 
can be, if not explained, at least referred to the apparently less 
difficult conception of the influence of the medium discussed in this 
section. 

A. Stock and M. Bodenstein ' have, for example, decisively proved 
that the decomposition of antimony hydride takes place simply in the 
layer of gas adsorbed by metallic antimony ; as the thickness of this 
layer increases slower than in proportion to the concentration, we have 
the equation 


where © is the concentration of the antimony hydride in the gaseous 
phase, and «< is <1 (in this case 06). 


Catalysis.2— We have repeatedly noticed in the foregoing, 
especially in dealing with the decomposition of esters and the inver- 
sion of cane sugar, the striking circumstance that many reactions take 
place with increase of velocity in presence of certain substances, especially 
acids. Berzelius gave to this phenomenon the name of catalysis ; it 
means an increase in velocity of reaction caused by the presence of substances 
which do not take part in it (or only to a secondary extent), although the 
reaction is capable of taking place without their presence. Acids and bases 
seem to exercise a catalytic action on all reactions in which water is 
affected or split off, and their activity is proportional to the con- 
centration of the hydrogen or hydroxyl ions. Bredig and his pupils 
have shown that the decomposition of hydrogen peroxide is catalysed 
by iod-ions,* and the condensation of two molecules of benzalde- 
hyde to benzoin by cyan-ions.4 One of the longest known and most 
important catalyses is the accelerated oxidation of sulphur dioxide 
by oxygen in presence of oxides of nitrogen. Another well-known 
example of catalysis is the extraordinary increase in velocity of com- 
bustion of hydrogen and of sulphur dioxide in presence of finely 
divided platinum. Finally, we may mention the interesting researches 
of Dixon and Baker,® which led to the-conclusion that a number of 
gas reactions, such as the combustion of carbon monoxide, the dissocia- 
tion of sal-ammoniaé vapour, the’action of sulphuretted hydrogen on 


1 Ber. deutsch. chem. Ges. 40. 570 (1907). 

2 Ostwald has given a sketch of catalytic phenomena in a lecture to the Hamburger 
Naturforscherversammlung, Zeitschr. f. Hlektrochemie, 7. 995 (1891). 

3 Zeitschr. phys. Chem. 4'7; 185 (1905). 

4 Zeitschr. f. Hlektrochem. 1O. 582 (1905). 

5 Trans. Roy. Soc. 175. 617 (1884) ; Journ. Chem. Soc. 49. 94 and 384 (1886) ; 


ibid, 1894, 603-610. 
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salts of the heavy metals, cease entirely in the absence of water 
vapour. { 

“Negative catalysis,” that isa retardation of reaction by addition 
of another substance, has also been occasionally observed, and appears 
to be due to the destruction of “ positive ” catalysors by the substance 
in question.! 

The catalyser cannot of course affect the affinity of a process. To 
do so would be in contradiction to the second law of thermo-dynamics, 
according to which the affinity of an isothermal process, as measured 
by the maximal work, depends only on the initial and final states. — 
The activity of the catalyser therefore does not touch the driving 
force of a reaction but only the opposing resistance, as was early ” 
recognised. 

Since the catalyser takes no part in the reaction the equilibrium 
constant is not altered by its presence. This was seen (p. 446) to be — 
equal to the ratio between the velocity constants of the two reactions — 
in opposite signs. A catalyser must therefore always affect the velocity of — 
the reverse reaction. lf, for example, any added substance increases the 
rate of formation of a body, it must equally increase its velocity of — 
decomposition. We find an example of this in the known fact that 
the presence of acids causes both the formation and the saponification 
of esters to take place with increased velocity. The observation of 
Baker that in absence of water vapour gaseous ammonium chloride 
does not dissociate, and on the other hand dry ammonia does not 
combine with hydrochloric acid, may be explained in the same way. 

There is no complete theory of catalytic phenomena at the present 
moment. ‘| 

Attempts have often been made to explain it by means of inter- ~ 
mediate products formed by the catalysor and the reacting substance. ~ 
These intermediate products, whose existence has been proved in many 
cases, are subsequently decomposed into the catalysor and the product 
of reaction. Thus in the process of manufacturing of sulphuric acid 
the action of the oxide of nitrogen has been explained by assuming | 
that in the mixture of sulphur dioxide, nitric peroxide and air, nitro- © 


sulphuric acid, SO, Beat is first formed, and this, by contact with — 
2 


water, is decomposed into sulphuric and nitrous acids. This method — : 
of explanation may be employed when the velocities of such inter- — 
mediate reactions are greater than the velocity of the total reaction; — 
this theory of catalysis has only so far been proved in a few cases; in 
many others it seems plausible. P 

In cases of catalysis in heterogeneous systems, for example the ~ 


phenomenon is connected with that of solution of the gases in metal. 


1 See Titoff, Zeitschr. phys. Chem. 4.5. 641 (1903). 
2 See, for example, B. Helmholtz, Erhaltung der Kraft, p. 25. 


Ts ae, ‘ 


CHAP. V CHEMICAL KINETICS 583 


According to the observations of Bredig,! colloidal solutions of 
metals act in the same way as the metals themselves, In the decom- 
posing of hydrogen peroxide a platinum solution containing only 
toooe00n Of a mol per litre produces a measurable action. The 
catalytic activity of a colloidal platinum solution recalls in many 
respects that of organic ferments, and for this reason Bredig called it 
an inorganic ferment. The analogy comes out most strikingly i in the 
change of activity by time, by temperature, and by the power of 
certain substances, which are poisons towards organisms, to poison, 
that is to destroy, the activity of inorganic ferments also. Such 
substances are sulphuretted hydrogen, hydrocyanic acid, ete. 


Auto-Catalysis.—Acids produce a catalytic action on the trans- 
formation of oxy-acids into lactones; the velocity of this has been 
measured by Hjelt,” and especially with regard to catalysis by Henry 
(p. 575) and Collan.? Thus, for example, y-oxy-valerianic acid in 
aqueous solution is changed into valero-lactone with separation of 
water, and, as usual in such cases, the reaction takes place more 
quickly in presence of a strange acid ; it is only of course the free 
hydrogen ions that are catalytically active. Now the acid itself is 
partly electrolytically dissociated, that is in a solution of oxy-valerianic 
acid without the addition of any strange acid free hydrogen ions occur ; 
it is therefore natural to suppose that these must produce catalysis, 
so that the acids catalyse themselves. This supposition may be easily 
tested experimentally. If to the acid be added one of its neutral 
salts, the dissociation is very much reduced in accordance with well- 
known rules, that is, the number of free hydrogen ions is diminished. 
Thus the addition of the sodium salt must greatly hinder the conver- 
sion of the acid into lactone. Actually it is found that the strength 
of the acid in the presence of its sodium sait remains unaltered for 
days. Another deduction from the theory, which is confirmed by 
experiment, is that the transformation of acid into lactone does not 
follow the equation applicable to unimolecular reactions, but that the 
velocity of reaction at any moment is proportional to the product of 
the concentrations of the undissociated acid and the hydrogen ions. 


Ferment Reactions.—Ferments or enzymes, substances of un- 
known chemical constitution, which are produced by animal or 
vegetable organisms, accelerate numerous reactions, which on their 
side are usually beneficial to the~organism ; in other cases, however, 
they can act as poisons (toxins). These ferment reactions occupy in 
many respects an exceptional position among catalytic processes: to 
each process corresponds nearly always a special ferment (while 
1 Anorganische Fermente, Leipzig, 1900; Zeitschr. phys. Chem. 31. 258 (1899). 


2 Ber. deutsch. chem. Ges. 24, 1286 (1891). 
3 Zeitschr. phys. Chem. 10, 130 (1892). 
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hydrogen ions, for example, catalyse whole categories of chemical 
processes) ; further, ferments are affected to a considerable degree by 
outside influences, such as high concentration of the reacting substances 
or of the products of the reaction, and high temperature. Hence 
there is often a certain composition of the solutions, and always a 
temperature, at which the accelerating power of the enzyme is a 
maximum. ‘These peculiarities are, however, not fundamental, and do 
not throw doubt on the classification of ferments with catalysers. For 
ferments also accelerate processes taking place spontaneously, which 
tend towards an equilibrium depending on the concentration of the 
reacting substances ; cases have also been observed where the same 
ferment accelerated the attainment of equilibrium from both sides. 
Thus E. Pottevin' showed that the ferment of the pancreas not only 
destroyed fat (glycerine esters of the fatty acids) into fatty acid and 
glycerine, but also built up the fat again from the two components. 

Senter? has shown that the catalysis of hydrogen peroxide by 
hamase followed the course of a unimolecular reaction; in general, 
however, fairly complicated relations prevail, probably because the 
enzymes possess variable catalytic power, on account of their great 
sensitiveness.? 


The Kinetics of Heterogeneous Systems.—The velocity of 
reaction in heterogeneous systems does not possess the same theoretical 
interest as the reaction velocity of homogeneous systems ; because 
the former is very largely dependent upon the extent and the nature 
of the separating surface between the reacting phases, and also upon 
other circumstances of a secondary nature, such as the diffusion capacity 
and velocity of stirring. 

The following may be assumed regarding the solution of metals in 
acids and analogous processes. 

1. The velocity of the decomposition at every instant will be 
proportional to the extent of the contact surface O between the metal 
and the acid. 

2. It will be proportional to the concentration of the acid. 

Thus, let us denote by a the acid titration possessed by the solu- 
tion at the beginning of the process for the time t=0; and by a—x 
the acidity after the time t, when x equivalents of the metal shall 
have gone into solution. Then, according to the assumption made 
above for the reaction velocity, i.e. for the quantity dx of the metal 
passing into solution in the time dt, we shall have— 


dx 
t= KA) (A) ee : : : 1 
> = kO(a~ x) et) 
1 OR. 186, 1152 (1903) ; cf. Bodenstein and Dietz, Zeitschr. f. Elektrochemie, 12. 
(1906). 
2 Zeitschr. phys. Chem. 44. 287 (1903). 
° See especially the investigations by Henri, Lois générales de l’action des diastasés, 
Paris, 1903. 
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and this, when integrated on the assumption that the surface remains 
constant during the solution, becomes 


fat = bOK 


a— x 


Boguski* succeeded in verifying the preceding formula fairly well, 


' by a research on the velocity of solubility of Carrara marble in 


acids. A weighed marble plate was immersed in the acid, and after a 
measured time was removed, washed, dried, and again weighed. The 
quantity x dissolved was thus ascertained, corresponding to the time t, 
by the diminution in weight. 

As was to be expected, equivalent solutions of HCl, of HBr, and 
of HNO, acted on the marble with the same velocity. 

The influence of temperature in particular was later investigated by 
Spring. He showed that an elevation of the temperature from 15° 
to 35°, and from 35° to 55°, in each case corresponded to a doubling 
of the solution velocity ; and also that the temperature excites a 
strong accelerating influence on reactions which occur in heterogeneous 
systems, similarly to what has been regularly proved for homogeneous 
systems. 

Iceland spar exhibits a dual solution velocity according as the 
attack of the acid is directed towards the one or the other of its two 
principal crystallographic directions.* The quotient of the reaction 
velocities in the direction of the basal section and of the longitudinal 
section respectively, amounted— 


At 15° to 1:13 
ns en VES 
bbe, tld 


In order to obtain a better idea of the theoretical treatment of 


| such processes, we will now consider the simplest case, namely the 


solution of a solid substance by a solvent, e.g. benzoic acid by water. 
If ¢ is the concentration of the acid at time t, and c, the saturation 
concentration, the equation (1) becomes in this case : 


de 
=the kO(c, — ¢). 


This equation has been verified, for the above substances, by Noyes 


{| and Whitney.t, They not only found it to agree very well with 
| observation when the rate of stirring was constant, but also explained 
_ it by asimple and very illuminating hypothesis ; they assume that at the 
| boundary between the crystals and the solution the solid is at each 


1 Ber. deutsch. chem. Ges. 9. 1646 (1876) ; see also Boguski and Kajander, ibid. 
/ 10.34 (1877). - 
2 Zeitschr. phys. Chem. 1. 209 (1887). ° Spring, ibid. 2. 13 (1888). 
4 [bid. 23, 689 (1897). 
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moment saturated; the velocity of solution according to this is con- 
ditioned only by the rate of diffusion of the saturated solution of the 
boundary layer into the interior liquid. By stirring the thickness of 
the liquid layer adhering to the crystal is diminished, and thus the 
distance through which the diffusion has to take place reduced. 

I have shown! that this hypothesis can be so generalised as to 
apply to all reactions in heterogeneous systems. Jt is highly probable, 
namely, that at every boundary between two phases, equilibrium is established 
with a practically infinite velocity (i.e. compared with the rate of diffusion). 

Slowness of chemical reaction in heterogeneous systems can there- 
fore be explained by means of the above hypothesis, as follows: if 
no other slow processes in homogeneous systems delay the reaction, its 
course is simply determined by the diffusion velocities. The rate 
of solution of solid substances by liquids depends mainly on the 
velocity of diffusion in the liquid phase, but sometimes also on that in 
the solid phase. 

This hypothesis yields, as was shown by the author and E. 
Brunner,” in a complete experimental study, the means of treating 
theoretically the velocity of reaction in heterogeneous systems. With 
sufficiently vigorous stirring, which is kept constant throughout the 
experiment, it may be assumed that the solution has a homogeneous 
composition, and that a layer of constant thickness (8) adheres to the 
surface of the solid, and diffusion takes place through this layer. If 
we consider, for example, the solution of magnesia in acid according 
to these principles, at the magnesia itself there would be a slight 
alkalinity, and the concentration of the free acid would therefore be 
very small; under these conditions the quantity 


OD Ge dt 


would diffuse to the magnesia in time dt, where D is the diffusion 
constant of the acid, and the equivalent amount of magnesia would go 
into solution. Thé reaction constant k therefore, according to 
equation (1), becomes 
ke ai oe : : , (2) 
If the thickness of the adhering layer § for a given kind and 
velocity of stirring can once be determined by experiment, the velocity 
constant k can be calculated in absolute measure. Thus Brunner, 
after determining 6 as 0°03 mm. from a measurement of the rate of 
solution of benzoic acid, calculated the rate of solution of magnesia in 
different acids. 
Thus it appears that it is not the strength of the acid which 


1 Zeitschr. phys. Chem. 4:7, 52 (1904). 2 Toid. p. 56. 
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regulates the rate at which it attacks magnesia, but merely its 
diffusion constant, so that acetic acid, which diffuses rapidly, acts 
more quickly than benzoic acid, although the latter is much 
stronger. 

Since, according to this, in chemical reactions which occur merely 
at the boundary between two phases, the phenomenon is essentially 
one of diffusion, it is useless to try and determine the order of reaction 
from the rate at which they proceed, as has often been attempted in 
recent years ; this method of argument is only applicable, according to 
kinetic considerations, to the probability of collisions in homogeneous 
systems (p. 443), and loses its meaning when applied to heterogeneous 
systems. 

It has already been pointed out that velocities of diffusion only 
determine the rate of reaction when no other processes (spreading out of 
thin layers, as when marble is dissolved in sulphuric acid, and so on) 
interfere, and especially when no slow process, taking place in the 
homogeneous phase, is connected with the progress of the reaction. 
Thus arsenic trioxide dissolves in water much slower than would be 
expected from the velocity of diffusion; this is because the simple 
solution is accompanied by a slow process of hydration, and it is 
obviously the latter process that determines the rate of solution.' 

From an experimental point of view there is the greatest difference 
between the two cases; for if the only determining factor is the 
velocity of diffusion, the influence of the stirring is extremely great, 
but if slow processes of the second kind also take place, the influence 
of stirring vanishes, or at any rate is diminished. 

With catalysts, which cause reaction between the substances in 
question to take place with practically infinite velocity, the actual rate 
of reaction will be determined solely by the velocity with which the 
reacting substances diffuse to the surface of the catalyst; whether 
such a catalyst exists, must of course be determined separately for 
every case (Nernst, /.c.). Well platinised platinum, for example, 
decomposes hydrogen peroxide practically instantaneously, so that the 


rate of decomposition of this substance is determined solely by the 


velocity with which it diffuses to the platinum surface.” 
The theory developed above has enabled chemical reaction velocities 
to be calculated for the first time in absolute measure. 


1 The above remarks, which will be found im greater detail in the above-mentioned 
work of Brunner, probably appear self-evident to the intelligent reader, but I have not 
been able to omit them,, because mistakes on this point have appeared in recent literature. 


GN. Lewis goes so far as to say the’ theory is disproved, because it is inapplicable to 


cases where the simplest principles of logic show it could not possibly be applicable 
(see Journ. Amer. Chem. Soc. 3'7. p. 899, 1906) ; I can discover no reasonable grounds 


for his conclusions. 


: 2 Bredig, Zeitschr. f. Elektrochemie, 12, 581 (1906). A few unpublished experi- 

_ ments of the author showed that if the thickness of the adhering layer was determined 
in special experiments with known rates of stirring, the rate of decomposition of hydrogen 
‘peroxide could be calculated. 


+ 
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Bodenstein and Fink (Zeitschr. phys. Chem. 60. 1 (1907)) have success- 
fully applied similar considerations to the union of sulphur dioxidé and 
oxygen on the surface of heated platinum (‘contact process”), The rate of 
reaction on the surface is very great, but the latter gets coated with an 
adsorbed skin of trioxide, so that the progress of the reaction is delayed since 
the reacting substances must diffuse through the skin. The decomposition of 
antimony hydride (as already mentioned on p. 581) takes place in the 
adsorbed skin, which is therefore a medium of great reaction velocity (see 
Stock and Bodenstein, Ber. 40, 570 (1907)). The adsorption law (p. 498 
ff.) is important for the proper understanding of these phenomena. 

The linear velocity of crystallisation, i.e. the velocity with which the 
formation of crystals situated at a point proceeds, e.g. in an undercooled liquid 
contained in a glass tube, has been studied by Gernez (1882), Moore (1893), 
and in a very complete manner both theoretically and experimentally by 
G. Tammann.! The general behaviour is that it increases at first with the 
degree of undercooling, reaches a maximum, and, with great undercooling, 
diminishes; the decrease can go so far that the velocity of crystallisation 
sinks practically to nothing, so that the undercooled liquid loses its capacity 
of crystallisation and remains of a glassy character. The maximum rate of 
crystallisation is, for example, for phosphorus 60,000, azo-benzene 570, 
benzo-phenone 55, salol 4, betol 1 mm. per minute, it varies therefore in an 
extreme degree from one substance to another. 

According to Tammann, the meaning of this remarkable fact is as 
follows. In the boundary between the solid and fused substance the temper- 
ature is that of the freezing-point, so that, when the undercooling is not too 
_ great, the velocity of crystallisation measured corresponds to this temperature, 
although this varies within certain limits with the degree of undercooling. 
When the undercooling is slight (less than 15°) the velocity is less, partly on 
account of the impurities always present, and which are very noticeable with 
slight wndercooling, partly because the number of nuclei for crystallisation 
is too small; this makes the velocity very small if the undercooling is very 
slight, and causes it at first to increase proportionally to the undercooling 
till it reaches the maximum, When the undercooling is very great, the 
heat of fusion does not suffice to bring the boundary of the solid and fused 
substance to the freezing-point ; this reduced temperature is the cause of the 
decrease in the velocity of crystallisation on great undercooling. These 
principles have been applied to the process of “ devitrification” (spontaneous 
erystallisation of amorphous substances) by Gtirtler, Zeitschr. anorg. Chem. 
40, 268 (1904). 

It was of importance to establish the fact that slight impurities influence 
the rate of crystallisation very largely ;? this phenomenon may be used to |} 
decide whether a liquid mixture which solidifies to a homogeneous mass, | 
_ such as CaCl, + 6H,0 or SO, + H,O is highly dissociated or not. In the 
first case, a slight addition of one of the components would alter the velocity 
of crystallisation very little, in the latter case very much. See the interest- 
ing study by F. A. Lidbury, 2bzd. 39. 453 (1902). 


1 Friedliinder and G. Tammann, Zeitschr. phys. Chem. 24, 152 (1897) ; Tammann, 
ibid. 25, 441; 26. 307 (1898); 29. 51 (1899). 
2 Bogojawlensky, ibid. 2'7, 585 (1898). 
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The Kinetic Nature of Physical and Chemical Equilibrium. 
—In concluding this description of the progress of chemical processes, 
we will turn back again to describe the condition of equilibrium. 

It has been shown repeatedly that, in the sense of the kinetic mole- 
cular theory, no condition of equilibrium between substances capable of mutual 
reaction cam be regarded as a static, but rather it must be regarded as a dynamic 
equilibrium ; and this is true whether the action is physical or emphati- 
eally chemical, and also whether the equilibrium is established in a 
homogeneous or in a heterogeneous system. According to this view, it 
is not assumed that the material transformation has entirely ceased 
in the state of equilibrium ; but only that the reaction progresses with 
the same velocity in the one direction as in the other, and that therefore 
for this reason no change can be detected in the system. 

In this same way we were able to account for the equilibrium— 

(a) Between water and water vapour (p. 213). 

(b) Between alcohol and acetic acid on the one side, and ester and 
water on the other (p. 444). 

(c) Between the molecules of the same substance existing in solu- 
tion, and in the gaseous state ; and 

(d) Between the different parts of one substance distributed between 
two solvents (p. 490), ete. 

In all of these cases the state of equilibrium was defined by the 
statement, that at every instant the amount of the decomposition in 
the sense of the reaction equation in one direction is the same as that 
in the other direction. 

The question now arises, How great is this decomposition in each par- 
ticular case? It is evident, in any event, that in the sense of the 
theoretical molecular method of treatment, this question is fully 
qualified to demand a hearing, although from the nature of the case 
it may elude a direct experimental decision. It certainly would be 
very interesting to know how much ester and water are formed in 
unit time in the state of equilibrium established between these 
' substances on the one hand, and how much alcohol and acetic acid 
on the other. Of course the same quantity of ester and water must 
be formed that is decomposed in the same time into alcohol and 


As a matter of fact, the answer to this question is possible in all 
cases where we can measure the reaction velocity of a reaction which 


\ does not advance to a completion, ¢.g. it is possible in all of the cases 
_ enumerated above.: 4 


Thus, again, let us denote by k and k’ the coefficients respectively 

_ corresponding to the partial reaction velocities in the two opposite 

_ directions of the reaction equation. Then the measurement of the 
actual velocity gives the difference 


Ieeole, 


eC 
a 
590 THEORETICAL CHEMISTRY BOOK III 


and the measurement of the condition of equilibrium gives the quotient 
k 
k’ 
from which both k and k’ can be calculated, and also the opposite 
[counterbalanced] decomposition in the state of equilibrium. 
From the velocity of esterification, which was experimentally 
measured for equivalent quantities of alcohol and acid, we found that 
the difference between the coefficients amounted to 


3 1 14 2—-x 

At 2= 3x" 

and, since the undecomposed quantity x was estimated in equivalents, 
and the time t in days, this becomes 


» 


k-k’= 


: (k — k’) = 0-00575. 


Also, according to p. 458, 


k 
ar 
from which, by calculation, 
k = 0°00575. 


Now since in equilibrium, 4 equivalent of alcohol and of acid are 
present, therefore it follows that the velocity (previously called 
partial”) of the change in the state of equilibrium is 


v= 0-005755 x ;- 0:00064. 


Therefore in the system, as it exists in equilibrium, consisting of — 


4 g.-mol. alcohol + 4 g.-mol. acetic acid + 2 g.-mol. ester + 
26 


3 g.-mol. water 
in the course of a day, 0:00064 g.-mol. of alcohol and acetic acid are — 
transformed ; and of course the same quantity [of ester and water] in | 
the same time is retransformed. From the smallness of this number | 
it is obvious that we are not to conceive of the mutual exchange as 


always being a very “stormy” one. Of course with increasing tem- || 


perature (the preceding values refer to the temperature of a dwelling- | 
room), the velocity of exchange will increase in the same proportion 
as k and k’, i.e. very rapidly. 

Moreover, particular attention should be called to this, viz. that 
we must regard the law of mass-action as an empirical law which is 
certainly proved, and therefore one which is independent of every 
theoretical molecular speculation. If the latter should at some future 
time come to be regarded as unsatisfactory, and especially if the kinetic | 
conception of physical and chemical equilibrium should have to be 
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i 
Ei juished as Tinasliable! nevertheless the laws developed in this 
book regarding the decomposition of matter would remain completely 
undisturbed ; and in addition, it would be the duty of every new 
- theory to give an account in its own way regarding the empirical facts 
of chemical mass-action. 
__ How far the law of mass-action can be proved in a thermodynamic 
ray, entirely independently of every molecular hypothesis, will be 
discussed in the last book. 


1 This is all the less likely since chemical kinetics has brought forward a most 
iking confirmation of the kinetic hypothesis, 


BOOK IV 


THE TRANSFORMATIONS OF ENERGY 
(THE DOCTRINE OF AFFINITY, IL) 


CHAPTER I 


THERMO-CHEMISTRY I 


THE APPLICATIONS OF THE FIRST LAW OF HEAT 


General Remarks.—In the preceding books we have considered 
the transformations of matter, in their dependence upon the relative 
quantities of the reacting substances. Inasmuch as we invariably 
imagined the displacement of the equilibrium and the progress of the — 
reaction as taking place isothermally, variations in temperature were 


thus excluded, and as we also disregarded the introduction of | 


electrical energy and the action of light, we could consider the 


chemical changes as being purely material, without reference to their |‘ 


associated changes of energy. 

Now both the state of equilibrium and the reaction velocity are 
dependent upon a number of other factors besides the relative quan- 
tities [of the reacting substances]; the action of these factors collec- |) 
tively may be regarded as being associated with the introduction of | 
energy into, or the abstraction of energy from, the system considered. — 


These factors are especially temperature, pressure, electrification, and |)* 


ulwmination. 
And, conversely, a chemical change is on its part invariably accom- 


panied by changes of energy, which are exhibited by a change in one or || 


more of the factors just enumerated. 
By far the most important and universal of these factors are the 
‘actions of pressure and temperature upon chemical reaction on the one |} 


hand, and the development of heat and the performance of external |* 


work by chemical processes on the other. 


The description of these relations constitute the subject of thermo- : 
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chemistry, to which the first five chapters of this book are devoted. 
In the following chapters will be presented the outlines of electro- 
chemistry and of photo-chemistry respectively. 


Heat of Reaction.—As was stated in the introduction, in all 
processes which occur in nature, we can discriminate the following 
changes of energy :— 

1. The production or absorption of heat. . 

2. The performance of external work. 

3, The variation of the internal energy. 

Let us consider a chemical system, and assume for simplicity’s 
sake that after it has experienced some material change, it has returned 
again to its original temperature, which it had before it had begun to 
change. Then, according to the law of the conservation of energy, the 


wy heat q developed in the change, increased by the external work A, 


performed by the system, is equal to the diminution of the system’s 


internal energy. 


Now the heat developed by a reaction can be easily measured, by 


| immersing the flask containing the reaction mixture in the water of 
| a calorimeter, and then conducting the reaction in a suitable way. 
_ The amount of the heating of the water in the calorimeter, together 


with “the water value” of the calorimeter itself, corresponds to the 


' heat developed by the reaction. The amount of work which is 
_ associated with the reaction consists almost always in overcoming the 
_ atmospheric pressure. It can therefore be estimated in litre atmospheres, 
' from the change in volume associated with the reaction given in litres, 

_ and by multiplication by 24:19 can be reduced to g.-cal. (p. 13). 


The sum of the heat produced in the reaction, and. of the external work 


performed, both of these quantities being ewpressed im g.-cal. (p. 12), we 


will call the “heat of reaction” in question: of course this can be either 
ositive or negative, for heat can be either produced or absorbed by the 
reaction, and external work can be performed either against the external 
pressure, or by the external presswre upon the system. The heat of reaction 
represents therefore the change im total energy of the system. 

Of course, the heat developed and the work performed are ceteris 
paribus proportional to the quantity of the substance which is changed. 


Wherever nothing is stated to the contrary, the heat of reaction ‘will 
always refer to the change of 1 q. equivalent. 


_ Thus, ¢.g., it is observed that in the solution of 1 g.-atom of Zn 
= 65°4 g.) in dilute H,SO,, at 20°, there are developed 34,200 g.-cal. 
, the same time 1 g.-mol. of H (= 2 g.) is set free, whereby a certain 
ount of work is performed against the pressure of the atmosphere. 
ow since 1 g.-mol. of any gas at 0° occupies 22°41 litres, therefore 
the absolute Boaperarnre T it occupies 


: 99: 41 575 : 3 litres (p. 40), 
2Q 
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and therefore the external work performed by the system amounts to 


ik : 
224] 973 7 0:0821 T litre atm. ; 
and since | litre atm. is equal to 24°19 g.-cal., it amounts to 1°985 T, 
or in round numbers to 2 T g.-cal.; therefore in the solution of Zn, 
the work of 
2(273 + 20) = 586 g-cal. 


is performed against the pressure of the atmosphere. 

Thus the heat of reaction, or the difference between the values } 
of the internal energy possessed by the system before and after the | 
solution of the Zn, amounts to 


34,200 + 586 = 34,786 g.-cal. 


It can be seen from this example that even here, where a gas | 
is developed, and where the change of the volume of the system, as a | 
result of the reaction, is very considerable, the external work performed 
only plays the réle of a correction value: and that in those cases where the | 
reacting and resulting substances are collectively solid or liquid, and | 
the change of volume is therefore of a much smaller order of value, 
the external work is infinitesimal in comparison with the unavoidable 
errors of observation, and can be neglected. 

In the case of the combustion of hydrogen and oxygen to form 
liquid water, for every g. of H there results 68,400 cal. Now in this 
process there disappears 1°5 g.-mol. of the gases ; and thus the atmo- |) 
spheric pressure, at the same time, performs the work of 


586 x 1:5=880 cal, _ 
so thst the change in the total energy amounts to 
68,400 — 880 = 67,520. 
The Thermo-Chemical Method of Notation.—When a re- ' 
action occurs, according to the general scheme, 


= / / ie yf 
nA, +nA,t+ ... =n, A, +n; A eee 


then there will be associated with it a certain heat of reaction ; let |{ 


this amount to U when n, mols of the substance A, unites with ; 
n, mols of the substance A, etc. Then, according to the law of the | 
conservation of energy [First Law], this will amount to—U when n, | 
mols of the substance A,’ unites with n,’ mols of the substance A,,, 
etc. The value of U corresponds to the energy-difference between the |) 
two systems, 


f 7 / / 
nA, +njA,+ ... and n, A, +n) Agee 


The content of energy of a chemical system is equal to the sum of | 
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the contents of energy of the particular components. If we denote 
the content of energy of 1 mol of a substance A by the symbol 


(A), 


then the content of energy of n mols of the substance A will be 
represented by 
n(A). 


The contents of energy of the two systems considered above will be 
denoted by the symbols 


DpAgen(A,)+ ..., andn,(A,)+n,(A,)+ ....; 


U=n,(A,) +n (A,)+ .. .-n,(Ay)—n,(A,)-. . . 


will denote the heat of the reaction taking place between them, 
because U corresponds to the difference between the contents of 
energy of the two systems. 

When U is positive, i.e. when the progress of the reaction, in the 
sense of the equation from left to right, is associated with a development 
of heat, then the reaction is called ‘‘ exothermic.” 'The opposite reaction, 
therefore, takes place with absorption of heat, and is called “ endo- 
_ thermic.” 

: Thus, ¢g., the symbolic equation 


(S) + (O,) — (SO,) = 71,080 


__ denotes that the union of 32 g. of S with 32 g. of O, corresponds to 
the development of 71,080 cal. The formation of sulphur dioxide 
from the respective elements is therefore an exothermic reaction. 

4 As a rule the heat of reaction of substances reacting in dilute water 
solution is measured. The energy content of a substance A, which is 
dissolved im a large quantity of water, is denoted by the symbol 


(A aq.) 


(aq. = aqua), and therefore the quantity of heat which is developed by 
he solution of 1 mol of A in a large quantity of water, the so-called 
“molecular heat of solution,” is expressed by 


} U=(A)- (A aq.). 
‘Thus, ¢.g., the meaning of the thermo-chemical equation, 
(HCI ag.) + (NaOH aq.) — (NaCl aq.) = 13,700, 


that by neutralising 1 equivalent of HCl by 1 equivalent of NaOH 
dilute solution, there are developed 13,700 g.-cal., the so-called 
heat of neutralisation.” | 

It is customary to shorten the preceding method of notation in 
ose cases where the resulting condition of the system, after the end 
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of the reaction, can be seen directly from a description of the original 
condition. In such a case, the difference between the energies con- 
tained by the system in its original and in its final condition is 
denoted by enclosing the formule of the reacting substances in a 
common bracket, the formule being separated by commas. Thus, ¢.g., 
instead of 

(S) + (O,) — (SO,) = 71,080, 


we write the shorter form 
(3; O,)= "71,0806 
and instead of 
(HCI aq.) + (NaOH aq.) — (NaCl aq.) = 13,700, 
the shorter form 
(HCl aq., NaOH aq.) = 13,700 ; 


and similarly in other cases. Then, of course, ¢.g., the formula 
— (HCl aq., NaOH aq.) 


will denote the quantity of heat which will be absorbed by the de- 
composition of a water solution of NaCl to a water solution of NaOH 
and of HCl, viz. 13,700 cal. 
The notation 
(A) + (B) — (AB) =U, 
is, of course, identical with 
(A) + (B) = (AB) + U, 


because the thermo-chemical equations denote simply the summations | 
of energy magnitudes, and accordingly we may apply the ordinary 
algebraic transformations to them. Thus, ¢.g., if, from the preceding } 
equation, we subtract the following one, | 


(A) + (C) = (AC) + U, 


we obtain as an immediate result from the two preceding formule, the | 
equation 


(B) + (AC) = (AB) + (C) + U-U’; 


from this latter equation we deduce the result that the substitution of |f 
Bin the place of C, in the compound AO, corresponds to a heat of |) 
reaction of U — U’. q 

We do not know the value of (A) itself, i.e. the absolute content | 
of energy of 1 mol of a substance, although sometimes the kinetic |} 
theory of gases leads to a (hypothetical) conception of its magnitude. | 
Thus, according to this theory, the energy content of monatomic | 
mercury vapour consists solely in the translatory energy of its atoms ; 
and this, at the temperature T (p. 203), amounts in “ absolute units” to | 


M ih 
vote ques 
gt 183,900 o73° 
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But the knowledge of the total energy content of a substance is, for 
) practical purposes, quite unimportant, because we deal only with the 
| energy differences of various systems, a knowledge of which is furnished 
by thermo-chemical measurements. 

Finally, it should be noted that, for the sake of brevity, the atoms 
instead of the molecules are often denoted in the thermo-chemical 
formule. Thus, ¢g., the equation 


(H,, O) = 67,520 


does not denote the entirely unknown heat of reaction consequent upon 
the union of atomic oxygen, but only the union of 1 g.-atom (16 g.) of 
ordinary oxygen with [the requisite quantity of] hydrogen. Strictly 
speaking, it would be more correct to write 


(2H,, O,) = 2 x 67,520, 


‘but error is certainly guarded against in such and all similar cases. 


The Law of Constant Heat Summation.—If we allow a system 
to experience various chemical changes, so that it finally returns to 
its original condition, then the sum of the heats of reaction associated 
with these processes is equal to zero; for otherwise it would mean a 

loss or a gain of the total energy, which would contradict the first 
law of thermodynamics. If we bring the system to the same final 
condition by means of two different ways, then the heat of reaction 
must be the same for both methods, 7.e.— 
The energy differences between two identical conditions of the system 
| must be the same, independently of the way by which the system is transferred 
from one condition to the other. 
(oe It is particularly worthy of notice that this theorem, which of 
© course holds good, not only for all chemical processes, but universally, 


_ and experimentally proved by him as early as 1840; and this was 
before ‘‘the law of the conservation of energy” had emerged from the realm 

of hazy anticipation, over the threshold of the consciousness of the 
scientific world. 

a. Lhe following example will illustrate “the law of constant heat 
summation.” 

We will consider a system, consisting of 1 mol of ammonia 

(NH), 1 mol of hydrochloric acid (HCl), and a large quantity of 

water in the two following conditions :— 

1. Where the three substances exist separate from each other. 

_ 2. Where the three substances form a homogeneous solution of 
ammonium chloride in a larger quantity of water. 

We can pass from the first to the second condition in two different 

ays: thus, on the one hand, the two gases [HCl and NH,] can unite 


1 Ostwald’s Klassiker, No. 9. 
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to form solid ammonium chloride, and then this can be dissolved in 
water ; or, on the other hand, the two gases can be separately absorbed 
by water, and then the resulting solutions can be caused to neutralise 
each other. The respective heats of reaction are as follows :— 


The First Way. The Second Way. 
(NH. HCl)= + 42100 cal. (NH,, aq.)= + 8400 cal. 
(NH,Cl, aqg.)=—- 3900 ,, (HCl, aq.)=+17300 ,, 
USER The (NH, aq., HCl aq.)= +12300 ,, 
(NH,, HCl, aq.)= +38200 eal. (NH;, HCl, aq.)= +38000 cal. 


As a matter of fact, the energy difference between the initial and 
the final states of the system is the same in both cases, within the 
limits of error. 

The theorem of “the constancy of the heat summation ” is of the 
greatest importance and widest application in practical thermo- 
chemistry. Only very few reactions are suited for a direct investiga- 
tion in the calorimeter, because it is absolutely necessary for exactness 
of measurement— 

(a) That the reaction shall be such as can be easily effected. 

(0) That it shall take place quickly, in order to avoid a large loss 
of heat from radiation. 

(c) That the reaction shall be free from side reactions, which cannot 
usually be taken into consideration. 

But even in those cases, where the conditions of quickness, com- 
pleteness, and simplicity of reaction are not fulfilled, it is usually 
possible to accomplish the purpose in indirect ways; thus, by the 
assistance of certain suitable intermediate substances, the system can 
be transferred from the one condition to the other, the energy-difference 
between which is to be measured. ‘Thus it isnot possible to determine 
directly the energy-difference between charcoal and diamond, because 
the transformation of one modification into the other cannot be 
accomplished. But if we can change charcoal and diamond into the 
same compound by means of an intermediate substance, then the 
difference between these two quantities of heat gives the heat value 
for the conversion of one modification into the other. 

Such an intermediate substance, and one which is very commonly 
used, is ovygen. Thus, ¢.g., the different modifications of carbon when 
burnt in ‘the calorimetric bomb” (see below), gave the following 
results :— 


Diff. 

Amorphous carbon 3 : SRG) 
2840 

Graphite 5 bela ; 94810 
500 

Diamond : ; 94310 


This table means that 2840 cal. would be developed by the 
conversion of 12 g. of charcoal into graphite; and 500 cal. by the | 
conversion of 12 g. of graphite into diamond. 
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In a similar way, the “heats of formation” of organic compounds 
can be ascertained from the respective heats of combustion in oxygen. 
By this process the compound, whose “heat of formation ” is unknown, 
is changed into compounds (CQ,, H,0O, etc.), the heats of formation of 
which are known. 

The energy-difference between (H,, I,) and 2(HI) is also not 
_ obtainable by a direct measurement, because hydrogen and iodine unite 
with each other only very slowly. But suppose— 

(a) That we dissolve the hydriodic acid in water. 

(6) That we neutralise it with potassium hydroxide. 

(c) That we set the iodine free by means of chlorine. 

(d) That we decompose the potassium chloride which is formed 
into potassium hydroxide and hydrochloric acid. 

(e) That we decompose the hydrochloric acid which is formed again 
into chlorine and hydrogen. 

Then by means of the intermediate substances H,O, KOH, and 
Cl,, we can proceed from gaseous hydriodic acid to free hydrogen and 
free iodine ; and we can do it by means of reactions which progress 
quickly and smoothly, in one sense or in the other, each one of which there- 
fore has a heat of reaction capable of good measurement. 

4 In fact, the heat of formation of gaseous hydriodic acid has been 
_ determined in this way. 


The Influence of Temperature upon the Heat of Reaction.— 
If we allow the same reaction to occur, once at the temperature t, and 
' again at the temperature t,, then the heat of reaction will be different 
in the two cases ; let it amount to U, and U, respectively. 
7 Now we can imagine the following cyclic process to be carried out. 
' Let the reaction occur at the temperature t,, whereby the quantity of 
heat U, will be developed; then we raise the temperature of the 
\system to t,, whereby there is required the introduction of (t, — t,)¢’ 
» al. of heat, where c’ denotes the heat capacity of the substances 
resulting from the reaction. 
z Now let the reaction occur in the opposite sense at t,: this process 
ia is associated with the quantity of heat U,; then let the system be 


Now the law of the conservation : energy requires the relation, that 
the heat (aah by the system shall be the same as that given out ; 


U, + (t, — t,)e’ = U, + (t, — t,)e, 


600 THEORETICAL CHEMISTRY BOOK IV 


capacity of the resulting substances, gives the increase of the heat of reaction 
per degree of temperature elevation. 

Now the specific heats of the substances taking part in the reaction 
equation are obtainable by direct measurement ; therefore the tempera- 
ture coefficient of the heat of reaction can be determined much more 
exactly in this indirect way than is possible by a direct measurement 
of the heat of reaction at two different temperatures. The preceding 
equation, moreover, follows directly from the application of the 
universal theorem developed on p. 9. 

On p. 169 we arrived at the result that the speeific heats of solid 
compounds constitute an additive property ; or, in other words, in the 
union of solid substances to form solid compounds the heat capacities 
remain unchanged. Then, according to what has preceded, this law 
can be extended thus :— 

The heat of combination of solid substances is independent of the 
temperature. 

The application of the calculation to special cases shows that the 
temperature coefficient of the heat of combination of such substances 
as iodine and silver, in any case, must be smaller than 0°0001. 


Thermo-Chemical Methods.—In general, the thermo-chemical 
methods are those of calorimetry, the fundamentals of which will be 


found described in every text-book of physics. The water-calorimeter | 


is used altogether most frequently ; although sometimes, in recent work, 
use has been made of Bunsen’s ice-calorimeter, especially when the 


measurements concern very small quantities of heat. The values | 


obtained by means of this last apparatus of course hold good for 0°, 


and therefore are not directly comparable with those obtained by i 
means of the water-calorimeter, which usually refer to a temperature | 


somewhere near 18°. In the comparison of different observations, 
notice should be given to the remarks concerning the unit of energy 
on p. 12. 


as wnit. 
Now since, in the case of those chemical reactions which occur 


very quickly, a certain amount of time elapses before the reaction- | 


heat becomes uniformly distributed through the calorimeter, a 
correction must be made for the heat absorbed, or that given off by 
radiation during the reaction. As is well known, this correction is 


determined by observing the course of the thermometer from some | 
time before the beginning of the particular experiment till some time — 
after its close.! This correction involves a dangerous source of error — 


in thermo-chemical measurements, and therefore the conditions for the 


investigation must be so arranged that the amount of this correction | 


' For more particulars see the handbooks of physics, or, e.g., Ostwald, Allg. Chem., 
2nd edit. p. 572 (1891). 


Here, as in all cases, we asswne the calorie referred to water at 18° |; 


ty 
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shall be as small as possible. This end will be obtained by paying 
attention to the following conditions :— 

1. The reaction, the heat of which is to be determined, must take 
place as quickly as possible. 

2. The heat capacity of the calorimeter must be as great as 
possible, and thus the change of the 
temperature of the calorimeter, result- 
ing from the heat developed by the re- 
action, will be made as small as possible. 

The second condition requires the 
use of a sensitive thermometer in order 
to determine the changes of temperature 
very accurately, ¢g. within ;545,th part 
of its amount. The thermometer de- 
scribed on p. 261, and recommended by 
Beckmann, is very well suited for this 
| purpose; by the use of this thermo- 
- meter differences of zg oth of a degree 
can be estimated, and exact measure- 
ments can therefore be made when the 
rise in temperature is one degree or 
even less. 

a The accompanying cut (Fig. 35) 
_ shows a model of a calorimeter which 
_ can be constructed out of simple 
_ material, as recommended by Ostwald. ak 

_ The writer can recommend it from aoe 
- experience.! 

q A narrow beaker glass, which is cut 
_ down somewhat at the upper end, rests 
| on cork supports fastened with shellac Fig. 35. 

~ to a second larger beaker. Through 
a wooden cover which rests upon the outer beaker there pass a 
_ Beckmann thermometer, a thin test-tube in which the reaction is 
_ to be effected, and a stirring apparatus made of brass or better of 
platinum, and provided with a handle of some non-conducting material 
(as ebonite, wood, or the like). 

If it is desired to measure heats of dilution or solution, the 
substance in question is placed in the test-tube; then after the 
_ temperature equilibrium is established, the bottom of the test-tube is 
punctured with a glass rod. 

An advantage of this apparatus is its transparency. Again, if the 
capacity of the inner beaker is about a litre, then the “ water-value” 
the glass, the stirrer, the thermometer, and all, amounts to only a 
w per cent of the total heat capacity. 

1 Zeitschr. phys. Chem. 2. 53 (1888). 


mee) 


TSN 


nN 
| ASG Ha TH Dae Ge 


- 


602 THEORETICAL CHEMISTRY BOOK IV 


With slight changes, the calorimeter described may be employed 
also for the measurement of specific heats, of heats of fusion, ete. If 
one operates with salt solutions, it is important to notice the rule 
regarding the heat capacity given on p. 101. 

Steinwehr has described an apparatus! capable of measuring very 
small quantities of heat for studying the thermo-chemistry of dilute 
solutions. ; 

Regarding the determination of the heat of combustion, we will 
say something more later. A method for the theoretical calculation 
of the reaction-heat from the change of chemical equilibrium will be 
considered in the second and third chapters of this book. 

As a matter of history, it should be noticed that besides Hess, 
Andrews, Graham, Marignac, Favre, Silbermann, and others, the 
thermo-chemical investigation of the most varied reactions has been 
systematically carried out by J. Thomsen in Copenhagen since 1853, 
and Berthelot in Paris since 1865.? 


Gases and Solutions.—As the internal energy of gases, as already 
shown (p. 42), does not change with their volume, the heat of reaction 
is independent of the density of the reacting gases. Also the inter- 
mingling of gases is without influence. Of course these laws hold 
good only when no external work is performed, such as forcing back the 
atmospheric pressure. When this happens, then the reaction-heat is 
diminished by an amount which is equal to the work performed 
against the atmospheric pressure (p. 593). In the case of strongly 
compressed gases which are cooled by simple expansion (without the 


performance of external work), the preceding Jaws no longer hold | 


strictly true. 


A complete analogy is found in the conduct of dilute solutions. | 


Since the energy of dissolved substances is independent of the concen- 
tration (p. 143), therefore the latter has no influence on the reaction- 
heat of a dissolved substance. The energy of “(A’aq.) ” is independent 
of the dilution of the solution, and herein lies the authority for the 
introduction of this symbol (p. 595). 

Thus, ¢.g., if the heat of solution of a substance in a large quantity 


of water is determined, this heat of solution itself is independent of } 


the quantity of water used ; if the heat of combination of a metal with 


1 Zeitschr. phys. Chem. 36. 185 (1901) ; cf. also Riimelin, Dissertation, Gottingen, 
1905. 


2 Thomsen has collected his measurements in the work entitled Thermo-chemische |} 


Untersuchungen, Leipzig, 1882-86 ; and Berthelot has collected his in his Hssai de 
mécanique chimique, Paris, 1879. See also Naumann, Thermochemie, Braunschweig — 
(Brunswick), 1882; and H. Jahn, Thermochemie, Wien (Vienna), 1892. Thermo- 


chemical data collected from different observers will be found in the Chemiker-kalender, 


etc. The figures given in what follows are largely taken from the critical and very | 


complete collection made by Ostwald, Alig. Chem. 2. Aufl. (2nd edit.), II. Leipzig, 1893. 


Berthelot gives a new collection of datain his Thermochimie, Paris, 1897, and J, Thomsen | 


in Thermochemische. Untersuchungen (German hy J. Traube), Stuttgart, 1906, 


i 
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an acid is determined, this heat is independent of the concentration of 
the acid when the latter is dissolved in a large quantity of water, etc. 

But this rule ceases to hold good for concentrated solutions when 
_ these exhibit marked heat phenomena on dilution. Thus, ¢g., the 
3 heat of solution of zinc in concentrated sulphuric acid is very different 
from that in the dilute acid. 

The heat of dilution has already been discussed (p. 109). We will 
only recall here that the following equation, viz.— 


(H,SO, + 3H,O) + 2(H,0) — (H,SO, + 5H,O) = 1970, 
which states that by the addition of two more mols of H,O to a solu- 
_ tion having the composition (H,SO, + 3H,O), there will be produced 


1970 g.-cal. Moreover, the heat of dilution may be positive, as in the 
case of sulphuric acid ; or negative, as in the case of saltpetre. 


| The Changes of the State of Aggregation.—When a sub- 
stance changes its state of aggregation, whether the change consists in 
_ evaporation, solidification, sublimation, or finally in a change from one 
modification to another, the changes are always associated with a 
change i in the content of energy ; and therefore the reaction-heat also 
is changed to the same amount. 

In the case of reactions where precipitates are thrown down, the 
| state of the latter must be especially considered. Thus, ¢.g., if mercuric 
' wdide is precipitated from a solution of mercuric chloride by a solution 
_ of potassium iodide, the yellow modification at first separates, but then 
quickly changes to the red variety, with the accompaniment of an 
\ additional heat of reaction. 

Thus, ¢.g., the energy-difference between water at 100°, and water- 
_ vapour at the same temperature, is expressed by the equation 


(H,O) — (H,O) = 536-4 x 18 — 2 x 373 = 8910; 
Liquid Gas 
because the heat of evaporation of 1 g. of water was found to be 53674, 


and the external work performed was shown to be 2T = 746. 
The energy-difference between ice and liquid water is 


(H,O) - (H,0) = 79 x 18 = 1422, 
Solid Liquid 


bevause 79 cal. are set free in the freezing of 1 g. of water. On 
account of the slight change of volume, the external work performed 


The energy-difference between 1 g.-atom of the orthorhombic and 
the monoclinic modification of sulphur amounts to 


(S;)+ (Sm) = 32 x 2°40 = 76°8. 


‘Thus in all thermo-chemical statements where a doubt can exrst, informa- 
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tion should be given respecting the state of aggregation, or the modification of 
the reacting substances, or of those produced. 


The Heat of Solution.—By the “heat of solution” is meant, as 
already stated, the quantity of heat produced by the solution of 1 g. 
of a substance in a large quantity of the solvent. If the heat 
of dilution of a substance is known, then of course it is possible to 
calculate the heat evolved on its solution in any quantity of the solvent, 
however small. The quantity of heat observed when the substance 
is dissolved to exact saturation is always more or less different from 
the heat of solution as defined above; and sometimes it has a sign 
opposite from that of the heat of solution. 

In the following tables are given! the heat of solution of some 
substances in a large quantity of water at 18-20° :— 


Hat or SoLutTion or GaAsrous SUBSTANCES 


Substance. Formula. Heat of Solution. 
Chlorine . , , : Q Cl, + 4870 
Carbon dioxide . ; : j CO, + 5880 
Ammonia . : : : ; NH, + 8430 
Hydrofiuoric acid. : 5 HF +11800 
Hydrochloric ,, : . : HCl + 173810 
Hydrobromic ,, : : ‘ HBr + 19940 
Hydriodic * ; 4 : HI + 19210 


Heat or Sonution or Liguip SUBSTANCES 


Substance. Formula. Heat of Solution. 
Methy] alcohol . : ; : CH,0O + 2000 
Ethyl ta tile F : : C,H,O + 2540 
ELopy lanes ; : : C,;H,O + 3050 
Ethylether  . ; : ‘ 0,0, )0 + 5940 
Acetic acid : 5 : C,H,0, + 420 
Sulphuric acid . : : : SO,H, +17850 


1 From Horstmann, Theoret. Chem. p. 502, Braunschweig (Brunswick), 1885. 
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Substance. Formula. Heat of Solution. 

Potassium hydroxide u KOH + 12500 
Ss se (eryst. 
hydrate) : KOH +2H,0 - 80 
Lithium chloride LiCl + 8440 
Sodium chloride NaCl — 1180 
Potassium chloride KCl — 4440 
Sodium bromide : NaBr - 190 
ys (hydrate) NaBr+2H,0 ~ 4710 
Potassium sulphate . : K,S0, — 6380 
Mercurie chloride HgCl, — 3300 
Sodium acetate . NaC,H,0, + 4200 
», benzoate NaC,H,0, + 800 
~Benzoic acid C,H,;CO,H — 6700 
Silver chloride . AgCl — 15800 
», bromide . AgBr — 20200 
iy a Lodide’ Agl ~ 26600: 
Cane sugar CHO; — 800 
| 


The figures for gases include the external work: therefore in order 

to obtain the heat of true solution, the quantity +580 must be 
_ subtracted from the figures given above. 
All of the gases thus far examined dissolve with evolution of heat. 
_ A similar thing is true of liquids, at least as a rule; while solid sub- 
stances sometimes dissolve with a pms of heat, but more often 
_ with absorption of heat. 

The explanation of this is simple. Starting with the very probable 
assumption that a gaseous substance always has a positive solution- 
heat, then in the liquid state it will dissolve either with absorption or 
with evolution of heat, according as its heat of vaporisation exceeds the 
heat of solution, or not. And similarly, the signs for the solution-heat 
of substances in the solid state are conditioned by the difference between 
their heat of sublimation and heat of solution in the gaseous state. 

The general rules for the solution-heat of the different states of 
aggregation as just given therefore mean that, as a rule, the heat of 
olution in the gaseous state is greater than the heat of vaporisation ; 
ut it is usually smaller than the heat of vaporisation plus the heat of 
fusion, i.e. it is smaller than the heat of sublimation. 

In general, and especially in comparing substances which are chemically 
analogous, and difficultly soluble, the heat of precipitation (= the negative 
value of the heat of solution) is the greater the more insoluble the substance is. 

We will consider later a method for the determination of the heat 
f solution of salts which are soluble with difficulty. The difference 

pectireen the solution-heats of one substance in two solvents would, of 


1 Thomsen, Journ. prakt. Ohem. [2], 18. 241 (1876). 
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course, allow the calculation of the heat phenomena in the distribution 
of one substance between two solvents (p. 491). 


The Heat of Formation.—By the “heat of formation” of a chemical 
compound is meant the quantity of heat which is gwen off in the formation 
of the compound from its component elements. 

This is the thermo-chemical characteristic of the compound in question. 
If the “heats of formation” of all the substances which participate in 
any chemical reaction are known, then the heat of reaction is also 
known. For we can first imagine the particular substances standing 
on the left side of the reaction equation to be decomposed into their 
respective elements ; and then imagine the elements to unite to form 
the substances standing on the right side of the reaction equation. 
Then in the first of these stages there would be absorbed a quantity of 
heat which would be equal to the sum of the “heats of formation” 
of all the substances standing on the left side of the equation ; and 
in the second stage there would be developed a quantity of heat equal to 
the sum of the “heats of formation” of all the substances standing on 
the right side of the equation. It is a matter of indifference whether 
the chemical process actually takes place in this way or not ; because 
the change in the total energy of any system is independent of the way 
in which the change is accomplished. We thus obtain the law that— 

The heat of reaction is equal to the sum of the heats of formation of the | 
substances formed, minus the sum of the heats of formation of the substances 
used up. | 

Here will be given some “heats of formation” which will find |¥ 
application in subsequent calculations. The figures refer to constant | 
volumes, i.e. they are corrected for the external work performed, | 
whatever it may be. The remarks in the last column refer to the | 
condition of the reacting substances. | 


Reaction. Heat of Reaction. Remarks. 
2H +0=H,0 + 67520 Liquid water. 
C+20=CO, + 94300 Diamond. 
C+0=CO + 26600 »” 
S-220=S0, + 71080 Rhombie sulphur. 
H+F=HEF + 88600 Gaseous fluorine. 
H+Cl=HCl + 22000 » chlorine: 
H+ Br=HBr + 8400 Liquid bromine. 
H+1=HI — 6100 Solid iodine. 
N+3H=NH, + 12000 
N+0O=NO — 21600 vi 
N+20=NO, = 7/00 Dissociated nitrogen dioxide. 
2N +40=N,0, — 2600 Bi-molecular nitrogen dioxide. 
K+F=KF +109500 . if 
K+Cl=KCl + 105600 
K+Br=Kbr + 95300 
K+I1=KI + 80100 


df 
CHAP. I THE APPLICATIONS OF THE FIRST LAW OF HEAT 607 


The rise of temperatwre due to a reaction (e.g. flame temperatures) can be 
caleulated from the heat of reaction and the thermal capacity C of the 
resulting products ; for 


where t, is the initial, t the final temperature. The variation of C with 
temperature must of course be known. See Nernst and Schénflies, Mathem. 
Behandl. d. Naturwissensch. 6th edit. p. 152, Munich, 1910. 


The Heats of Combustion of Organic Compounds. —The 
work: of the investigators previously mentioned enables us to infer 
the heat of reaction of almost all the more important reactions of 
inorganic chemistry, directly from the table, or else to calculate them 
indirectly ; yet, on the other hand, we do not find ourselves so 
fortunate regarding many reactions of the carbon compounds. The 
_ reason for this is that the number of reactions which take place 
_ quickly, and without the formation of side products, which conditions 
|. are essential for thermo-chemical investigation, is very much smaller in 
" organic than in inorganic chemistry. There is only one reaction which 
occurs quickly and smoothly in all cases, namely, the combustion of the 
substance in an excess of oxygen, whereby al] the carbon is oxidised to 
_ carbon dioxide, and all the hydrogen to water. Therefore, on the 
_ whole, organic thermo-chemistry employs the same reaction which has 
| been long used in analytical chemistry, 7.¢. combustion. 

The experimental method followed almost exclusively at present 
| consists in inclosing the substance in a well-enamelled, steel vessel, 
') which is filled with oxygen under a pressure of about 20 atm.; then 
| the substance is ignited by an iron wire made incandescent by an 
| electric current (Berthelot’s calorimetric bomb): the whole apparatus 
_ is immersed in @ water calorimeter, which absorbs the heat developed.! 

In this way the heat of combustion at constant volume is obtained, or 
simply the heat of combustion which corresponds to the change of 
total energy. The heat of combustion at constant pressure still 
includes the, so to speak, accidental amount of external work, and is 
obtained by subtracting from the former as many times “2T” as the 
number of molecules produced exceeds those which disappear. 

The heat of formation may be calculated from the heat of combustion 
by subtracting the latter from the sum of the heats of formation of 
the resulting liquid water (67,500 per mol.) and carbon dioxide 
(94,300 per mol), and of the sulphurous acid formed, if any (71,100 
er mol.); and thus by the use of these figures we obtain the heat of 
rmation from diamond, gaseous oxygen and hydrogen, and finally, 
om rhombic sulphur, at the temperature of the experiment. 


1 The recent investigations of E. Fischer and Wrede have shown that extremely 
curate measurements can be made with this apparatus (Sitzwngsber. hgl. preuss. Akad. 
Wiss., Berlin, 1908, p. 129). 


608 THEORETICAL CHEMISTRY : BOOK IV 


Now, since the heats of combustion have been determined for the 


most important organic compounds, the heats of formation are also 
known ; and therefore, according to p. 606, the heats of all reactions 
between these compounds can be calculated. Therefore it is never 
necessary to calculate the heat of formation, for the heat of every 
reaction can obviously be obtained, from the sum of the heats of com- 
bustion of the substances which have disappeared, minus the sum of the heats 
of combustion of the substances formed. 

But the results of such calculations are often very inexact, because 
the heat of reaction is obtained as the difference between magnitudes 
which differ only slightly ; and of course the errors of observation in 
these cases amount to a very considerable percentage. 

Thus, ¢.g., the heat of combustion of fwmaric acid was determined 
to be 320,300, while that of the geometrical isomer, maleic acid, is 
326,900. Therefore the transformation of maleic acid to the more 
stable fumaric acid will develop 6600 calories. But this latter number 
is extremely uncertain, for if the error of observation in the deter- 
mination of the heats of combustion amounted to only 0°5 per cent, 
even then the uncertainty in their difference would amount to nearly 
50 per cent. 

Reference has been already made (p. 320) to the relation between 
constitution and the heat of combustion. The heats of combustion of 
some important substances are given below; they are expressed in 
large calories (= 1000 cal.), in order to avoid the repetition of ciphers. 


Ethyl aleohol . : ’ ; ¢ 340 
Mannite A ; ; ; j 727 
Cellulose ‘ ‘ 5 : ; 680 
Cane sugar 5 : ; ; ; 1355 
Acetic acid ‘ : ; : 3 210 
Benzoic acid . y p ; , 772 
Ethyl acetate . : c : 5 554 
Urea 7%. ; : . : - 152 


The formation of ethyl acetate from the acid and alcohol, accord- i 


ing to these figures, would correspond to a heat of reaction of 
340+ 210-554= —-4, 


which is quite a small amount. 


The Thermo-Chemistry of Electrolytes.—The hypothesis of 
electrolytic dissociation has thrown new light on the meaning of the 
heat of reactions which take place in salt solutions; and some rules 
which were previously discovered in an empirical way find a simple 
explanation as necessary deductions from the theory. 

If two solutions of electrolytes, which are completely dissociated, — 
are mixed, there is of course no development of heat, provided that the | 


ions of the two electrolytes do not unite to form an electrically neutral |} 


ae yee 
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| molecule nor a new ion complex. This case is illustrated, ¢.g., in the 
mixture of most salt solutions. 

Experiment establishes the conclusion. The so-called Law of the 
_ thermo-neutrality of salt solutions.is nothing else than an expression of 
_ the experience that no heat phenomena result from the miature of salt 
_ solutions (provided that no precipitate is produced). 
ie. Let AB and A’B’ be two salts which obey the “law of thermo- 
|, neutrality.” Then no noticeable heat of reaction will result from their 
mixture, thus 


(AB aq.) + (A’B’ aq.) = (AB, A’B’ aq.). 
A similar thing also holds good for the mixture 
(AB’ aq.) + (A’B aq.) = (AB’, A’B aq.). 
| But now the two resulting solutions, which are expressed by the 
| symbols standing on the right sides of the two equations, are identical ; 
_ therefore 
. (AB aq.) — (AB’ aq.) = (AB aq.) — (A’B’ aq.) ; 
7 or, in words— 
q The difference between the heats of formation of any two salt solutions 
having a common ion is a constant which is characteristic for both of the 
_ two other radicals, and is independent of the nature of the common ion. 
Thus, ¢.9., 
H +Cl+aq. =(HClaq.) + 39320 
H +I +aq. =(HI aq.) + 13170 
Cl+ (HI aq.) =1+ (HCl aq.) + 26150 ; 


K +Cl+aq. =(KClaq.) +101170 
K +I +aq. =(KI aq.) + 75020 
Cl + (KI aq.) =1+ (KCl aq.) + 26150. 


‘As a matter of fact we find that 
(HI aq.) - (HCI aq.) = (KI aq.) — (KCI aq.) ; 


and thus if the iodine in a dilute aqueous solution of an iodide is 
placed by chlorine, the same development of heat is always observed, 
26,150 cal. In this case, of course, one is always concerned 
ith ie same reaction, viz. the replacing of the iodine ion by the 
rine ion. 

But, on the other hand, if Whe iodine in dissolved: potassium iodate 
1O,) is replaced by chlorine, an entirely different heat of reaction 
bserved, viz.—the absorption of 31,700 cal. instead of the develop- 
t of 26,150 cal.; for here iodine and chlorine are not ions, and 
efore an entir ely. different reaction occurs. 

Phe « case is quite different where the mixture results in the wnion of 

2k 
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ions to form electrically neutral molecules, which may remain in solution or 
be removed. 

We have already met the most. important example of this case in 
the process of neutralisation on p. 517. If a strong acid is mixed with 
a strong base, the hydrogen ions and the hydroxyl ions unite almost 
completely to form molecules of water. The negative ron of the acid and 
the positive ion of the base remain free if the salt produced by their 
union is highly dissociated (as, ¢.g., is always the case with univalent 
bases and acids). 

We thus obtain the important result that— 

The neutralisation of a strong acid by a strong base must always exhibit 
the same heat of reaction. 

The following table shows how remarkably the theorem is proved 
by experiment :— 


TABLE oF THE HeEAts of NEUTRALISATION OF ACIDS AND BASES 


Acid and Base, Heat of Neutralisation. 

Hydrochloric acid and sodium hydrox. . ‘ 13700 

| Hydrobromic ,,  ,, ih bs ’ ‘ 13700 - 
| Nitric Ai ss A = ‘ : 13700 
| Iodic 5a beta - an ‘ : 138800 
| Hydrochloric ,, -,, lithium _,, : : 13700 
| a >> 9) potassium ,, ; 3 13700 
- Saat aELU IO) oe" ee ‘ ; 13800 
ae se eC aL CHI is é : 13900 


In the case of the di-acid bases the figures do not, of course, refer | 
to a molecule, but only to one equivalent of the base. Neglecting the |) 
shght correction required by the incomplete dissociation, these figures” 
simply mean that they give the heat developed by the reaction 


H +OH=H,0; 


or, in the language of thermo-chemistry, we obtain 
+ .— ~ 
(H aq., OH aq.) = 13,700, 


When the acid or the base is only partially dissociated electrolytically, \¥ 
then the heat of neutralisation changes by the amount of energy which 
comes into play in splitting the molecules into the ions. In fact, the 
following examples show that the heat of neutralisation assumes notice- |) 
ably different values under these circumstances. Thus the heats of 
neutralisation of the following weak acids, by sodium or pegs 
hydroade, are as follows :— 


ee ee . 
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Acid. Heat of Neutralisation. Heat of Dissociation. 
Acetic acid . ; f 13400 + 3800 
| Dichioracetic acid . 3 , 14830 — 1130 
Phosphoric A 3 14830 — 1130 
Hydrofluoric fe x : 16270 — 2570 
- ) 


If these acids were completely dissociated we should obtain a heat 
development of 13,700 cal. in the neutralisation. The deviations from 
this normal value are to be ascribed to the electrolytic dissociation. 
The differences are given in the last column; these denote the respective 
quantities of heat which would be required for the electrolytic dissociation of 
the acids in question. These figures only claim to be approximately correct, 
because, on the one hand, the differences between magnitudes which 
are not very far apart. are attended by considerable errors of observa- 
tion ; and on the other hand, the calculation is based on the faulty 
- assumption that the acid is not at all dissociated, and that the base 
and the neutral salt are completely dissociated. Nevertheless, these 
_ figures, which we shall obtain in a perfectly independent way in the 
_ following chapter, are well suited to give us a conception of the 
" amount of the changes of energy which are associated with the separation 
ito tons. 

Of course it happens in all these changes that sometimes heat 
_ will be absorbed, and again it will be set free; and conversely, that in 


heat will be developed, and again it will be absorbed ; and that the 
final absolute amount is not very great in any case. 

On neutralising ammonia, a base which is only slightly dissociated, 
with a strong acid, there results a heat development of 12,300 cal. ; 


13,700 — 12,300 = + 1400 cal. 


The calculation of the most general case, where neither the base, nor 
he acid, nor the neutral salt formed is completely dissociated, is as 
ollows :— — 

_ Let the degree of dissociation of the acid SH be a,, and let that 
f the base BOH be «,; now from the mixture of the acid and alka- 
ine solution, each of which contains one equivalent, there results an 
uivalent of the salt BS; let the degree of dissociation of this salt 
there also results a molecule of water in the sense of the 


SH + BOH = BS + H,0. 


1 The heat of dilution of ‘some weak acids in dilute solution, from which the heat of 
sociation may be calculated, has been measured by H. Petersen (Zeitschr. phys. Chem. 
174 (1893) ; see also v. Steinwehr, /.c., p. 596). 

*~ 
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Now the heat of neutralisation is made up as follows :— 

1. From the heat of dissociation x of water. 

2. From the heats of dissociation W, of the acid, and W, of the 
base, which participate to the respective amounts of 


W,(1-«a,), and W,(1 —a,). 


3. From the heat of dissociation W of the salt, which participates 
to the extent of 
W(i - a). 


Now by observing that the acid and the base are electrolytically 
dissociated in the solution, and conversely, that the water and the 
undissociated salt are formed by the union of ions, we obtain as the 
expression for “q ” the heat of neutralisation, 


q=x+ W(1—2)= Wil —«¢,) =) Woe 


If we mix the highly dissociated salt of a weak acid with a stronger acid, 
we have a process which is comparable with the neutralisation of a 
strong acid by a strong base ; because in both cases, in consequence of 
the mixture, two ions unite smoothly to form an electrically neutral 
molecule. 

Thus if we mix, ¢g., a sodium salt of the weak hydrofluoric acid 


with hydrochloric acid, then the reaction progresses almost completely | 


in the sense of the reaction 


+ ilies 
H+F=HF, 


and the heat of reaction observed is that of this reaction. Thomsen | 
found that 2360 cal. were associated with this mixture, a value which | 


is only slightly different from the value given above for the heat of 
dissociation of hydrofluoric acid (— 2570). 
If the formation of an insoluble precipitate results from the union of 


two electrolytes which are completely dissociated, then the negative } 
value of the observed heat of reaction corresponds, of course, to the f 
heat of solution of the precipitated substance. Thus, ¢g., if we mix a | 


silver salt and a chloride, solid silver chloride is precipitated, and, 


according to Thomsen, a heat development of 15,800 cal. is observed, — 


which corresponds to the simple reaction 


+ — 
Ag+ Cl= AgCl. 
Dissolved Solid 


Finally, we would observe that it is possible to calculate the heat 
of reaction on mixing any solutions, provided that we know the heats 
of dissociation, and the heats of solution, of all the molecular species which | 


come into consideration. 


According to the principles developed in Chap. IV. of the ial | 


ceding book, we can predict the progress of the reaction from the 
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- dissociation constants, and from the solubility coefficients, of all the 
- molecular species which are to be considered. But if we know to 


_ what extent electrolytic dissociation and the formation of precipitates 


__ have taken place, and if we know the heat value of each of these pro- 
cesses, then of course we can state the heat of reaction of the total 
-process. 

In thermo-chemical relations the heats of dissociation and of: 
_ solution go hand in hand with the coefficients of dissociation and of 
solubility. The following chapter will give us the interesting result 
_ that these pairs of magnitudes are closely related. 


CHAPTER II 
THERMO-CHEMISTRY II 
TEMPERATURE AND COMPLETE CHEMICAL EQUILIBRIUM 


The Application of the Second Law of the Mechanical Theory 
of Heat: Historical.—The application of the second law of 
thermodynamics to chemical processes was a step of fundamental 
significance, because we obtained thereby for the first time an insight 
into the relations between chemical energy, heat, and capacity for external 
work ; and for the first time were enabled to deal with the questions, 
how far the energy which is set free in chemical processes is convertible 
without limitation, and whether it is more of the nature of heat or 
more of the nature of kinetic energy of moving masses ; and although 
it is not possible to give a satisfactory answer to these questions in 
every special case, yet it is possible to outline clearly the way leading 
to a systematic mode of attack. 


The honour of having first considered chemical processes, and — 


dissociation in particular, from the standpoint of thermodynamics, 
undoubtedly belongs to A. Horstmann,! who demonstrated clearly the 
fruitfulness of the mechanical theory of heat in this region by the 


success of his calculations. Almost at the same time there appeared | 


a very remarkable investigation by Loschmidt,? who had already 
recognised that isothermal distillation was a way by which a chemical 
process could be conducted isothermally and reversibly. He also 
discussed the process of chemical solution. 

Then shortly afterwards the problem was treated very thoroughly, 
and, from one point of view, finally, by J. W. Gibbs; * but, unfortunately, 
the calculations of this author were much too general in character 
to be capable of a simple and direct application to special cases of 
investigation. 
oe deutsch. chem. Ges. 2. 137 (1869); 4. 635 (1871); Lieb. Ann. 170. 192 
2 an der Wiener Akad. 59, II. 395 (1869). 


° Trans. Conn. Acad. 3. 108 and 348 (1874-1878) ; German translation by W. | 


Ostwald, Leipzig, 1892, 
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Thus it came about that independently of Gibbs’s work, and a little 
_ later, there were discovered a large number of theorems which may 
|. be deduced directly by specialisation of his formule ; as for example— 
_ the relation between the development of heat and the temperature 
coefficient in the dissociation of a gas, and the relation between the 
development of heat and the temperature coefficient of a galvanic 
element. 

The first of these problems in particular has been repeatedly 
subjected to treatment.! 

Of the later comprehensive treatises on the application of thermo- 
| dynamics to chemical processes, reference should be made to the mono- 
' graphs of Le Chatelier,? and especially to that of van’t Hoff,? the study 
of which cannot be too highly commended, as leading to a more 
profound knowledge of the important and difficult problems presented 
here. . 

Mathematical deduction has gained greatly in clearness and 
| elegance from the more recent methods of treatment of Planck*+ and 
_ Riecke;° the latter treatise is based entirely on the application of the 
_ thermodynamic potential, and therefore has unquestioned advantage for 
all those who are conversant with the potential theory of physics. 
|< Of course the distinctions between the various methods of treatment 

- are purely conventional; one method can proceed no farther than 
another. The author’s method is to endeavour to bring all in as close 
_ contact as possible with the results of experiment, hoping thereby to 
| make the subject in many points more intelligible than it has been 
_ made hitherto. 

In this and the following chapter we will describe the most 
important applications made thus far of the second law of thermodynamics 
to chemical processes, considering firstly complete chemical equilibrium, 
which, according to the results obtained on p. 473, is conditioned by 
the temperature alone, and then incomplete chemical equilibrium, which is 
conditioned not only by the temperature, but also by the relative 
muantities of the reacting substances. 


Gibbs’s “Phase Rule.”—The ‘complete chemical equilibrium ” 
(p. 473) had the characteristic that for every temperature there existed 
only one definite pressure at which the different phases of the system 
were in equilibrium with each other. If we change this pressure at 
onstant temperature, then the reaction advances to a completion in 
one sense or the other, 7.c. until one or more of the phases are 


1 yan der Waals, Beidl. 4. 749 (1880); Boltzmann, Wied. Ann. 22. 65 (1884) ; 
- and others, 
2 2 Recherches sur les équilibres chimiques. Paris, 1888. 

3 Hiudes de dynamique chinique. Amsterdam, 1884. 

4 Wied. Ann. 30. 5623/31. 189; 32. 462 (1887) ; we may here again refer to 
he work of Planck quoted on p. 23. 
5 Zeitschr. phys. Chem. 6, 268, 411 (1890); '7. 97 (1891). 
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exhausted ; if the external pressure is only changed a very little, then 
each phase maintains its composition unchanged during’the reaction. 

We have already become acquainted with numerous examples of 
complete chemical equilibrium. In addition to the simplest case of 
equilibrium between different states of aggregation, there belong to 
this category the dissociation of ammonium chloride, excluding an 
excess of the dissociation products, the dissociation of calcium car- 
bonate, ete. 

A very remarkable law regarding complete heterogeneous equilibrium 
was discovered by Gibbs in a theoretical way; it was afterwards 
thoroughly proved experimentally, and can be used as a safe guide in 
the investigation of special cases. It may be formulated as follows :— 

It is necessary to assemble AT LEAST n different molecular species, im 
order to construct a conyplete heterogeneous equilibrium consisting of n+ 1 
different phases. 

Thus, in order to establish the complete equilibrium, 


B07 11,0, 
Liquid Vapour 


only one molecular species (H,O) is required, because the equilibrium 
consists of two phases. 

In order to establish the complete equilibrium between calcium 
carbonate and its decomposition products (three phases), we need at 
least two molecular species, viz. CO, and CaO. 

By bringing together salt and water, we can establish the three 
phases of the complete equilibrium between the solid salt, its solution, 
and the vapour of the solution. 

But, on the other hand, if two molecular species, ¢.g. react upon 
each other in two phases only, the equilibrium will be incomplete, 7.2. | 
the progress of the reaction is associated with a change in the equi- | 
librium pressure. Thus if we let any mixture of water and alcohol | 
evaporate, the maximal pressure of the mixture changes with the pro- | 
gress of the reaction in spite of keeping the temperature constant, This |} 


reaction would become complete if we should, ¢.g., allow the water |} 


to freeze, and so add a third phase to the system. | 
Of course we can imagine the heterogeneous system in question 
to be constructed of more than “n” molecular species, as, ¢.g., in the | 


equilibrium between calcium carbonate and its decomposition products, | 


thus, CaCO,, CaO, Ca, CO,, etc. But to “n” must be assigned the 
minimal value, and for the preceding system this amounts to 2, whether 
we imagine the construction of the system to be from CaO and CO,, 


or from CaCO, and CaO, ete. And thus the limitation “at least” is | 


seen to have an essential meaning.1 


1 If solid sal-ammoniac be volatilised without excess of its products of dissociation | 
NH, and HCl the system can be built up of one kind of molecule (NH,Cl) only, so that — 
we may put n=1, 7 


uv 2. 2a wee 
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The proof of the “phase rule” can be shown in a simpler way 
than that given by Gibbs,! as follows :?— 
Let the heterogeneous system considered consist of y phases, for 
__ the construction of which we need at least n different molecular species. 
We will select one phase in which all the molecular species are present, 
_ there always being one such phase at least. Thus, ¢.g., each molecular 
Species must occur in every liquid phase, because each molecular species 
has a definite solubility, though it may be perhaps immeasurably 
small; and hence each species may be present in quantities which are 
too small to be weighed. A similar thing holds good for the gaseous 
phase of the system, because every molecular species has a finite 
vapour pressure. 

Let the concentration (i.e. the number of mols per litre) of the n 
molecular species in the selected phase be respectively, ¢,, c. . . + Cn 
The composition of the phase will change in a way which is perfectly 
definite and unequivocal, if we change the external conditions of the 
' system, viz. the temperature T, and the pressure p; and of course if 
_ we also change the concentration of each of the particular molecular 
species. Therefore an equation must exist which so relates the 
_ quantities ¢,, ¢,, ... ¢n, p, and T, with each other, that a variation 

_ in the value of one of their magnitudes necessitates a variation in all 
the others. We thus obtain the equation 


EA(Gpew ot. toh py L) 0, 


_ where F, is the symbol for any selected function of the variable con- 
' sidered. 

; The fact that such characteristic equations are only very incompletely 
known at the present time does not impair the stringency of the proof; it 
' is enough to know that there 1s such an equation in each case. For two 


a 


| molecular species we obtained on p, 244 a characteristic equation of the form 
fc, Coy Py a) 


a In the present case the equations must be much more complex, not only 
_ because there are more kinds of molecule, but because the relative quantity 
a of each substance may vary with displacement of equilibrium. 


Every other phase of the system has its own characteristic equation ; 
_ but now the composition of one phase unequivocally conditions that 
_ of all other phases which may be in equilibrium with it; all phases 
which are in equilibrium with one phase must be in equilibrium with 
ach other, and this is possible only with perfectly definite ratios 
£ concentration. Thus, ¢.g., it is evident that from the condition of a 


1 Trans. Conn. Acad. 8. 108 and 343 (1874-1878). 

* Taken mainly from that of Riecke (Zeitschr. phys. Chem. 6, 272), which can be 
onsulted for further details. The new proof by C. H. Wind (ibid. 31. 390, 1899) 
annot be regarded as an advance by the author. The investigator mentioned falls into 
he error of founding his proof on implicit. assumptions. See the apt critique of this 
admissible course by A. Byk (ibid. 4.5, 250, 1906). 
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liquid phase, the composition of the gaseous phase in contact with it 
is also given. 

Therefore it follows that the compositions of all the other phases 
are definite and unequivocal functions of the same variables upon 
which the selected phase depends ; and also that for every phase there 
must exist an equation of condition of the form 


Bierce earns, (D1) = 0, 


We obtain as many equations of condition of this sort as there are 
phases in our system, i.e. “y” in number. 

Now the number of the variables, c,, ¢,,...¢,, p, T, amounts to 
n+2; therefore in order that they may be unequivocally determined 
by the equations of condition, which are “ y” in number, it is necessary 
that there shall be as many equations as there are variables, 7.¢. it 
follows that 

Ye= er 2s 


Now this amounts to stating that when n molecular species react in 
n+ 2 phases, an equation of condition is possible between all of them, only 
when the conditions of temperature and pressure are definite and unequivocal ; 
and also when the ratio of concentration of each of the particular phases is 
perfectly definite. 

Hence the coexistence of then + 2 phases occurs at a point of singularity, 
the so-called “point of transition” (Uebergangspunkt). We shall soon 
learn something more regarding the peculiarities of this point. 

Therefore, in order to have a complete equilibrium, i.e. when, during | 
a finite interval, for every value of the temperature T, there corre- | 
sponds a perfectly definite equilibrium pressure p, and, of course, a 
perfectly definite composition of each of the particular phases,—we | 
must have one equation less than the number of variables, i.e. it must — 
follow that 

y=n 1. 


But this is nothing but the phase rule; for this result says 
that— 
The number of phases in a complete equilibrium must be one more than 
the number of reacting molecular species. 
Finally, when 
y<n +1, 


then, with given external conditions of temperature and pressure, | 
C), Cy, .-. €,, remain more or less indefinite, and therefore the com- | 

position of all the phases also; here we are dealing with an incomplete — 
equilibriwm.+ . 


The Point of Transition.—The conditions of complete equi- | 


| For apparent exceptions to the phase rule in the case of optically active bodies, cf. 
the detailed investigation by A. Byk, Zeitschr. phys. Chem. 45. 465 (1908). 
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librium require that, within a finite temperature interval, to every 
temperature point there shall correspond a definite pressure value, at 


which all of the phases of the system may be coexistent. This 
temperature interval is always limited, as a result of the fact that one 


i of the phases suddenly ceases to be capable of existence, and dis- 

| appears from the system. Thus, ¢g., to take the simplest case 

' imaginable, let us study the equilibrium in the equation 

f H,0<7H,0 

: Liquid Gaseous 

i _ at different temperatures. Then, on the one hand, according to what 

"was said above, we can follow the measurements of the vapour 
pressure of liquid water only up to the critical temperature ; and, on 


the other hand, the investigation will be interrupted at lower tempera- 

tures when we arrive at the freezing-point of water (under the vapour 

pressure itself); beyond this liquid water ceases to be capable of 
- existence, except in the labile condition of an under-cooled liquid. 

But usually another phase appears to take the place of the one which 

has disappeared, as in the latter case, where we arrive at the new 

complete equilibrium 

H,027H,0 
Solid Gas 
(sublimation of ice). 
That temperature point, where one phase of a complete hetero- 

' geneous equilibrium vanishes, and another takes its place, we call “ the 
| point of transition.” Thus at the point of transition, and at the 
' corresponding pressure, there are coexistent beside the others, not 
' only the phases which have begun to disappear, but also those which 
are beginning to appear. 
A Now, since there were n + 1 phases composed of n molecular species 
_ before the point of transition was reached, therefore, at the point of 
|) transition tiself there are n+ 2 phases, each one of which is, of course, made 
up of the same n molecular species in a state of singularity. 
q In order to obtain a deeper insight into these relations, the 
' universal significance of which is obvious, we will consider some 
_ special cases in what follows. 


: The Equilibrium between the different Phases of Water.— 
| We can easily determine the point of transition at which the liquid 
_ phase vanishes from the system, —water 7” water vapour,—and is 
a replaced by the solid phase, ice. 

q At atmospheric pressure water freezes at 0°, and under its own 
vapour pressure, which is very small compared with the atmospheric 
pressure, at + 0°0076°, because the freezing-point is raised by this 
- amount by diminishing the pressure one atmosphere (p. 68). The 
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pressure corresponding to the point of transition, according to 
Regnault’s vapour-pressure tables, is 4°57 mm. 

Under these and only these conditions of temperature and pressure are 
the three phases—ice, liquid water, and water vapour, coexistent. 

For a clear consideration of this case, the simplest conceivable, 
and also for the treatment of more complicated equilibria, we may 
use with advantage a graphic method, which shows at a glance the 
dependence of the nature of the equilibrium on the external conditions 
of temperature and pressure.! 

Ina co-ordinate system where the abscisse represent the temperature 
T (properly on the absolute scale), and the ordinates represent the 
pressure p, are drawn curves along which two different phases of water 
are coexistent. We will call these “the limiting curves” (Grenz- 
kurven) of the system under consideration. 

In general, if we are considering a system composed of a number 
of phases, and for the construction of which there are requisite n 
molecular species,—then the meaning of “the limiting curves” is that 
under the definite and unequivocal conditions of temperature and 
pressure represented by them, n+1 different phases are capable of 
existing beside each other. 

These “limiting curves” are well known in the case of water ; 

and it is directly evident 

ea that there must be three, on 
one of the three phase pairs | 
which can be made from 
the three different states of |} 
aggregation of water. | 

Thus we obtain the curve 


Liquid 
Solid 

Liquid water and water vapour 

Cues are coexistent along the | 

| pd \ curve OA. This is the | 

= B75 L” “vamour-pressure curve,” which 

Fig. 36. is especially well known in | 

the first part, and comes to fF 

an end at T= 273° + 364°3°, which is the critical temperature of | 

water. | 

Under the conditions represented by the point O, and previously | 

determined to be T = 273° + 0:0076°, and p= 4:57 mm., water freezes. |f 

Hence the continuation of the curve AO, along the limiting curve 

OB, represents the conditions under which ice and water vapour are. 


each of which can coexist |) 


diagram shown in Fig. 36. |R 


coexistent ; it is the “vapowr-pressure curve” of ice (p. 71). On account |} 
of the smallness of the vapour pressure of solidified water, it has been |F 
traced only a short distance downwards from O. But from the kinetic |) 


1 Roozeboom, Zeitschr. phys. Ohem. 2. 474 (1888). 
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treatment of the properties of matter, we may predict with great 
certainty that it intersects the point of origin of our system of 
co-ordinates, and hence that the vapour pressure of ice first becomes 
_ zero at the absolute zero-point of temperature, and that at this point 
_ water vapour (like every gas) ceases to be capable of existence as such. 
_ Finally, the “limiting curve” OC represents the conditions for 
the coexistence of water and ice. Since the freezing of water is 
accompanied by an increase of volume, the melting-point of ice sinks 
with increasing pressure, by an amount which is 0°0076° per atm., 
a relatively small amount. And, moreover, since the depression of 
| the melting-point is proportional to the external pressure, at least at 
_ pressures which are not too high, OC is a straight line slightly inclined 
to the p axis. Here also the course of the curve OC has only been 
followed for a slight distance from O. 

The point O, in which all the limiting curves are concurrent, and 
therefore in which all of the three phases are coexistent, is thus a 
point of singularity in the p, T, plane; it has been already called the 
point of transition. According to the number of limiting curves which 
unite at this point, we may call it “three-fold,” “four-fold,” etc. ; or 
“triple,” “quadruple,” etc. In the case of water, O isa “triple point.” 

The limiting curves are, of course, curves of complete equilibrium. 
If we are considering one point of one of the curves, and if we change 
the pressure and temperature in a way which is different from what 
"corresponds to the course of the curve, then a complete reaction occurs, 
|) and, according to the circumstances, one of the two phases vanishes. 

7 Moreover, the limiting curves divide the plane (p, T) into three 
fields, each of which corresponds to the existence of one of the three 
\) phases. ‘This does not state that the phases cannot exist beyond the 
limits of their respective fields. Thus, ¢.g., it is known that liquid 
' water may exist at a temperature and pressure which are below the 
- point O. But in that case the existence of water is a labile one, i.e. it 
/ is in an “under-cooled ” state. 
ie A similar thing is true of water vapour, which we know can exist 
|) at temperatures and pressures where it should have become liquefied, 
| according to the course of the limiting curve. These labile conditions 
_ play a much more important réle in nature than has been believed 
_ hitherto. It has been proved repeatedly that some very ‘stable 
_ substances, especially those in the solid state of aggregation, are in a 
tate comparable to that of an “under-cooled” liquid; and thus, 
ecording to the Jaws of chemical equilibrium, have no right of 
_ existence. 
A We should by no means attach the meaning to the term “labile” 
that the system needs only a slight disturbance in order to change it 
o the more “stable” form. __ 

In this way we can explain why it is that a well-known fourth 
modification of water, i.e. “electrolytic gas,” has no place in the (p, T) 
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plane ; at least not in the region thus far considered. “Electrolytic 
gas” at the ordinary conditions of temperature and pressure is in 
just as much a labile condition as is-under-cooled water, because it can 
be changed into the stable form of water by several kinds of disturbance ; 
as, ¢.g., by a suitable elevation in temperature of one point. 

The following circumstance is further very remarkable. 

Let us descend along the curve AO at constant volume, by removing 
heat from the system water and water vapour enclosed in a suitable 
vessel. At O the water freezes, and it obviously depends upon the 
relative quantities of the phases present as to which of the phases, the 
liquid or the gaseous, will disappear on further cooling, 7.¢. as to 
whether, on further removal of heat, the system will progress along 
the curve OB, or along OC. If the expansion of the gaseous phase is 
sufficiently great, then all the water will freeze, and we shall advance 
along the curve OB. If, on the other hand, the volume of the liquid 
water is sufficiently great in comparison with the gaseous phase, then 
all the water vapour condenses as a result of the increase of volume 
resulting from the freezing, and the corresponding increase of pressure ; 
thus the melting-point will be strongly depressed, and we shall advance 
along the curve OC. 


The Equilibrium between Water and Sulphur Dioxide. 
The system just described could be constructed of a single molecular 


species, (H,O). We will select as a further and more complicated | 


example of complete heterogeneous equilibrium a system composed of | 

H,O and SO,, 2.¢. two - j 

x molecular species; this 

has been very thor- 

oughly investigated 
by Roozeboom.! 

We will again plot 
in a co-ordinate sys- 
tem the curves along 
which complete equili- 
brium can exist. 

Now, since we 
allow two molecular 
species to meet here, 
then, according to 

7 Gibbs’s phase rule, 
Fig. 37. three phases must be 

capable of existing be- — 

side each other on the limiting curves; and it is only at singular | 
points that the coewistence of four phases is possible. 
In the neighbourhood of the point L (Fig. 37) the four following © 

1 Zeitschr. phys. Chem. 2. 450,(1888), . 
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homogeneous systems can be prepared by bringing together the 
requisite SO, and H,O. 

1. The solid hydrate SO,.7(H,O): this can easily be caused to 
separate out by cooling a water solution which is saturated with 
ye 

A solution of SO, in water, which we will designate by the 
Sito) fi(H,O + xSO,). Here x denotes the number of mols which 
are present in the solution, for 1 mol of H,O (18 g.); on account 
of the excess of water in the solution, x is always less than one. 

3. A solution of water in liquid sulphurous acid, corresponding to 
the symbol fl.(SO,+yH,O): here, similarly to x, y is always less 
than one. 

4, A gas mixture, composed of SO, and H,O, which we will 
designate by the symbol “ gas (SO, + zH,O).” 

The three phases 2, 3, and 4 are coexistent along the curve LE; 
the first two are composed of two liquids, water and sulphurous acid, 
which do not mix with each other in all proportions, but only 
partially dissolve each other like ether and water, eg. thus “x” 
corresponds to the solubility of SO, in water, and “y” to the 
solubility of water in SO,. Both of these solubilities vary with the 
temperature, and of course they must be determined for a number of 
| temperature points, in order to have exact knowledge regarding the 
\ aforesaid equilibrium : this has not yet been done. 

The gaseous phase consists of the vapour emitted by the two 
_ liquids; and the pressure p, which corresponds to any particular 
| point of the curve LE, is the vapour pressure of the two liquids 
at the corresponding temperature. The values of “z” were not 
| determined by Roozeboom, but it should be noticed that, by means 
\) of the rules already given (p. 491), the pressure p, the composition of 
) the gaseous phase, and therefore the value of z also, may be calculated, 
' at least approximately, from the mutual solubilities, and from the 
_ known vapour pressures of the pure solvents. 

If we cool the system just described, at constant volume, when the 
q quantities of the particular phases are in suitable proportions, we 


| advance along the curve LD; the water solution of SO, disappears, 


_ and there appears instead the solid hydrate No. 1, (SO,.7H,O) ; while 
|— the two other phases, No. 3, fl(SO,+yH,O), and No. 4, gas 
|| (SO, +2H,0), remain. 

_ ‘The values of y and of z were not measured. 
The pressure p'of the gaseous phase (the pressure of dissociation 


| of the solid hydrate in the presence of a saturated aqueous solution of 


sulphur dioxide) which is of course independent of the relative 
_ quantities of the solid and liquid phases, has the following values for 
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| 

2h Dp T Pp 

| 

| 2738+0°1° 113‘1 em. Hg. r 273+11°0° 170'1 cm. Hg. 
273 +3:05 1270, 273-+11°9 176200 
273 +6°05 141°9 4) 2738+121 | SIAC 33) si 

| 273+ 9°05 158°2 i. nee ee 


If we advance along the curve DL, by raising the pressure and the 
temperature, and by a suitable choice of the relative proportions of the 
particular phases, we can make the gaseous phase disappear at the 
point L, and thus cause a water solution of sulphur dioxide to appear. 
We thus arrive at the system composed of the solid hydrate No. 1, 
(SO, .7H,O), and of the solutions No. 2 and No. 3, viz. fl.(H,O + 
xSO,), and fl.(SO, + yH,O) ; here the hydrate is found in equilibrium 
with its fusion products, the mutually saturated solutions of water and 
sulphur dioxide. 

At a pressure of 177°3 cm., the melting-point of the hydrate is 
T=273°+12°1°. This rises with the pressure ; at 20 atm. it is 12°9°, 
and at 225 atm.it is 17°1°. Now, since the rise is nearly proportional 
to the pressure, and only amounts to a few degrees for an enormous 
change of pressure, the limiting curve LX is a straight line only 
slightly inclined to the right. 

The values of x and y, ie. the mutual solubilities of water and 
sulphur dioxide in the presence of the solid hydrate, are not known ; 
they should not differ very much from those corresponding to the 
curve LE, because the mutual solubilities of two liquids vary only 
slightly with the pressure. 

Advancing down along the system of curves LE or LX, we can, by 
cooling, proceed either along the curve LD, already described, or, by 
suitable proportions of the particular phases, along the curve LB. 
Here the phases solid hydrate (SO,.7H,O), fl.(H,0 + xSO,), and gas 


(SO, + zH,O), are in equilibrium ; we are therefore concerned with a | 


system composed of the solid hydrate, its saturated solution in water, 
and the vapours emitted by them. The concentration of the saturated 


solution has the following values at the corresponding temperatures :— _ 


6400 6400 
a 2S ie? ae xg" 
273 +0° 10°4 2734-7° 17°4 
273 +2 11°8 273 +8 191 
273 +4 13°5 273 +10 23°6 
2734+6 16°1 273 +121 31-0 


The numbers denote the parts of SO, to 100 parts of H,O. In order 


i 


. 
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to obtain the value of x (ze. the number of molecules of SO, to one 
mol of H,O), they must be multiplied by 
eye. 
6400  355°5’ 
where 64 = the mol. wt. of SO,, and 18 =the mol. wt. of water. 
The vapour pressure p of the saturated solution was as follows at 
the corresponding temperatures :— 


; 

t — 

i T P T Pp. 
273 -6° 13°7 cm. Hg. 2738+ 4°45° 51°9 em. Hg. 

. Dio! iebbe % 5, 273+ 6:00 666, 

273-3 20°1 ip 273+ 8-40 2 Oi as 

] O78=2'6 DN © fs 273 + 10:00 HIG eae 
oi? 23-0 273 +11°30 50:30, 

O73 1 26-2 bs 273 +11°75 1666, 

3 273-0 29°7 - | 273+12°10 17788 

| 273 +2°8 43:2 * Re : 

i : L 


Thus four limiting curves meet in the point L ; and although only three 
phases are coexistent at every other point of the respective curves, yet 
at this point L, and only at this point, the four following phases are 
coexistent : 

1, The solid hydrate, SO, . 7H,0. 

2, A water solution of SO,, having the composition (H,O + 0:087S0,). 

3. A solution of H,O in liquid SO, (i.e. SO, + yH,0). 

4, A gas mixture of SO, and H,O (i.e. SO, + zH,0). 

As each one of these systems can be made from the two molecular 
_ species, SO, and H,0O, therefore, during a finite temperature interval, 
_ according to the “phase-rule,” a complete equilibrium can be estab- 
_ lished for only three of these systems. All four may coexist only at 
_ the transition point L, which is in this case a quadruple or fourfold 
point ; it is situated at 
egret 12 and p=177'3 em, 

Roozeboom did not determine the values of y and z for the point 
_ L; but we may form a conception of their magnitude in the following 
way :— 

The pressure 177°3 cm. in the gas mixture SO, + zH,O is composed 
_ of the partial pressures of the particular gases. 

Now, since a water solution of SO, is present at the transition 
_ point, therefore the partial pressure of the water vapour is equal to 
_ the partial pressure of pure water at the temperature in question 
» (12°1°), viz. 1:05 em., minus the depression caused by the solution of 
| 0:087 mol of SO, in 1 mol of H,O; and this, according to Raoult’s 
law, is 


1:05 x 0:°087 cm. 
28 
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Thus the partial pressure of the water vapour amounts approximately 
to 0°9 cm., and that of the sulphur dioxide is 


177°3 —0°9=176'4 cm. 
Hence 
0:9 
ce i7e4 7° 0051. 

The concentration y of water in sulphur dioxide is also found by 
means of the law for the molecular depression of the vapour pressure. 
According to Regnault, at 12°1°, pure liquid sulphur dioxide has a 
vapour pressure of 185 cm. But now, since sulphur dioxide saturated 
with water is present at the point L, and since the partial pressure of 
sulphur dioxide so saturated amounts to only 17674, therefore, in order 
to occasion the depression of 8°6 cm., 


86 
Trem mol of H,O 


must be dissolved in every molecule of SO,; this corresponds to the 
value of y. 

As stated above, the equilibrium pressures in the system, | 
SO, . 7H,0, lig. fl.(H,O + xSO,), and gaseous (SO, + zH,O), which are | 
given by the curve LB, have been measured as far down as —6° | 
(Celsius). But the system is in labile equilibrium beyond the point | 
B (which corresponds to the temperature of — 2°6° and to the pressure |} 
of 21:1 cm.); because the liquid phase vanishes at once on the /F 
appearance of ice, and completely solidifies to ice and solid hydrate |F 
Thus, instead of advancing along BA, the labile extension of the curve |} 


LB (which is figured as a dotted line in Fig. 37), we advance along | 
the curve BC. This curve refers to the system of the three phases :— |F 


1. The solid hydrate. 

2. Ice. 

3. The gas mixture (SO, + zH,0). 

The vapour pressures of a mixture of ice and the solid hydrate ; 
are as follows :-— | 


| 
T. p. | T P 
| 
273 —2°6° 2i15em. Hg. || 273-6 | 47-7em He. 
Nei 20°65 i, | 273-8 Tae 
| 278-9 10... 


273 — 4 1935. 4 ,, 


They are therefore considerably greater than would be the case if 
the system were under-cooled, 7.¢. if the solidification of the water |) 
solution of SO, had not occurred, as can be readily seen from the |) 
diagram (Fig. 37). The gas mixture emitted by the ice and the} 


solid hydrate of course consists of H,O and SO, Now since ice is i 


pa 


| pe ee 
Bree 
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present, the partial pressures of the water vapour are simply equal to the 
vapour pressures of ice at the corresponding temperatures; and these 
can be taken directly from Regnault’s tables, and thus -z can be 
; obtained.1 They are very small in comparison with the total 
"pressures. 
I Along the curve BF, ice, the water solution of sulphurous acid, 
_ and the gaseous mixture (SO,+2zH,O), are capable of coexistence. 
\ The corresponding values of the pressure and temperature are so 
correlated that the pressure first conditions the concentration of the 
_ sulphurous acid, and then this concentration in turn conditions the 
| lowering of the freezing-point of water. For small pressures, i.¢. 
‘ at slight concentration of the sulphurous acid, the curve tends to 
' approach the freezing-point F of pure water at T = 273°. 

Finally, along the curve BZ, there are capable of coexistence, ice, 
the solid hydrate, and the melted mixture of the two (ie. a water 
solution of sulphurous acid). As the melting is attended by a 
diminution of volume, the curve must bend to the left, ze. the 

- temperature of equilibrium must fall with an elevation of the pressure. 
But this has not been investigated in detail. 

Thus the pont B represents a second quadruple pomt; here there co- 
exist the four following phases :— 

1. Tee. 

2. The solid hydrate, SO,.7H,O. 

3. A water solution of SO,, having the composition (H,O + 0:024S0,). 

4. A gas mixture of SO, and H,O (i.e. SO, + zH,O). 

The co-ordinates of this point are 


| 7 T=273-2-6°, and p= 21-1 om. 


The vapour pressure of ice at — 2°6° amounts to 0°38 cm., and 
hence z must be 

0°38 
20°7 
The areas in Figs. 36 and 37, enclosed by the curves, constitute 
regions of incomplete equilibrium. 


= 0°0184. 


The Hydrates of Ferric Chloride.—As an example of a more 
_ extended investigation of those systems, whose phases can all be 
formed of two molecular species, such as H,O and Fe,Cl,, we will 
 deseribe Roozeboom’s* research on the hydrates of ferric chloride. 
This led to a broadening of our view in several respects. 

At the transition points of this system, the four following phases 
re capable of existing beside each other, viz :— 


1 Roozeboom did not draw this conclusion, but its correctness appears to the author 
be beyond doubt. 
2 Zeitschr. phys. Chem. 10. 477 (1892). 


™ 
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1. The solid hydrate, Fe,C],.mH,O. 

2. The solid hydrate, Fe,Cl, . nH,O. 

3. The saturated solution. 

4. Water vapour. 

For the case where the hydrate ice occurs, we can make 


== "00! 
and for the case where water-free ferric chloride separates as a solid 
phase, we can make 

n=,0: 


The four “limiting curves” which meet at the transition point are 
composed of the vapour-pressure curves of the saturated solutions of 
the two hydrates, the vapour-pressure curve of a miature of the two 
solid hydrates, and the solubility curve of a solution which is at the 
same time saturated with both the hydrates. 

Of these numerous curves, Roozeboom investigated the solubility 
curves of the separate hydrates at ordinary pressures; the knowledge 
of these gives us a fairly complete view of the prevailing relations. 

In order to explain these, we will follow the example of Rooze- | 
boom and employ a somewhat different graphic delineation than in | 
the preceding cases. As the concentration of the solutions here com- 
mands our chief interest, the abscisse will represent the temperature 
(on the ordinary scale), and the ordinates the composition, expressed 
in molecules of Fe,Cl, to 100 mols of H,O. 

Fig. 38 gives a good general view of the equilibrium ratios, 


Ti we start out from the equilibrium, water + ice, and add ferric | 


chloride, we obtain the curve AB, i.¢. the curve of the depression of 
the freezing-point on addition of the salt. At about — 55° we reach 
the saturation point of the hydrate of 12H,O; B therefore represents 
the point where the so-called ‘‘cryo-hydrate,” i.e. a mechanical mixture 
of we and solid salt (p. 502), separates. 

Further addition of ferric chloride causes the ice to disappear, and |), 


we advance along the curve BC, which is the solubility cwrve of the |) 


hydrate with 12H,0. 1 

At 37° the concentration of the saturated solution becomes equal | 
to that of the solid hydrate, and at this temperature a solution of the | 
composition Fe,Cl, + 12H,O solidifies completely to the solid hydrate, | 


or else this solidified hydrate is changed completely to a homogeneous |). 


liquid. Thus 37° is the melting-point of this hydrate. 
If we add anhydrous ferric chloride to this melted hydrate, we |) 
advance along the curve CDN. Of the two branches which diverge | 


from C, the one, CB, corresponds to the curve of the depression of the |) 


freezing-point occasioned by adding H,0 ; the other, CDN, corresponds |} 
to the curve of the depression of the freezing: -point of the hydrate, 
occasioned by the addition of Fe,Cl,. Thus below the melting-point |) 


ey | ey 
ie , 
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_ [87°] of the pure hydrate [Fe,Cl, + 12H,O] it is possible to prepare 
| two saturated solutions, one of which contains more H,O, and the 
other less, than the hydrate in equilibrium with the solution. We 
_ shall return to this remarkable. phenomenon a little later. 
; The curves for the hydrate with 7H,O (DEF), for the hydrate 
with 5H,O (FGH), and for the hydrate with 4H,O (HJK), are exactly 
i? Fe, Cl, ok 
ee 25 rs J NY 
} S W 
fs 1S 
lap = R-- JG 
as ge 
ay = P < F (le 
ig is s Ss fer 
| dys rs Wee en y 
i Bae & 
i > BS a ie. 
al ; 3 oD iS 
bi a = C 
\ | 4 Fez (1,.12He 
ea “5 
|: ie 
i nee Lee 
I A ; ) 
b 40° 26° 0° 20° 40° 60° R0° 100° 
J Fig. 38. 


similar. At K begins the almost straight solubility curve of anhydrous 
Fe,Cl,. The melting-points of these hydrates are at E (32°5°), G 
(56°), and J (73°5°). 

The curve fractions DN, FM, DO, FP, and HR, represent labile 
onditions. Ice and the hydrate containing most water are in 
quilibrium at the point B. At the points D, F, and H the respective 
ontiguous hydrates are in equilibrium. And finally, at K, the 
drate containing the least quantity of water is in equilibrium with 
anhydrous Fe,Cl,. 

The composition of the respective solutions at each of these points 
between the composition of the two respective solid bodies, 
cause at these points the second branch of the higher hydrate 
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mentioned lie at — 55°, 27°4°, 30°, 55°, and 66°; and these are at 
the same time the temperatures at which the solutions solidify to 
mixtures of the two hydrates. 

In order to obtain a clear picture of the relations which prevail 
here, let us imagine the concentration and temperature of a solution 
of ferric chloride to be given by a point which lies in the right-hand 
side of the region bounded by the multiple curves ABCDEFGHJKL. 
On cooling, the solution at first traverses a horizontal line, the com- 
position remaining constant ; and at a definite temperature, its path | 
will cut one of the portions of the curve, say FGH. If we suppose 
supersaturation to be excluded at the moment of the intersection, there 
will occur the separation of the solid substance to which the portion 
of curve belongs, eg. Fe,Cl,.5H,O. On further cooling the curve 
would be followed towards lower temperatures until the end point 
was reached, where another solid substance appears, and complete 
solidification results. 

If the solution had the same composition as one of the hydrates, 
it would solidify completely at its melting-point. If the solution 
had a composition corresponding to the intersection of any two of the 
contiguous curves, then it would solidify completely at the temperature 
of the point in question.? 

Most interesting phenomena would be observed on evaporation of 
a dilute solution of ferric chloride, and the results would be most 
striking between 30° and 32°. Here, by the removal of water 
vapour, the dilute solution would first dry down to Fe,Cl,.12H,0. | 
It would then liquefy, and then dry down to Fe,Cl,.7H,O. It jf 
would then liquefy again, and a third time dry down, this time to 
FeCl, . 5H,0. 

The whole series of these phenomena corresponds to stable conditions. | 
This very remarkable behaviour would be inexplicable were it nota | 
necessary result of the relations which are illustrated in the curves 
shown in Fig, 38. 

Regarding the curve branches, e.g. BCD and DEF, it follows that, 


within the limits of a certain temperature interval, there are two |} 


saturated solutions having .a different composition, which are in > 


equilibrium with the respective solid hydrates. One of these always F 


contains more water, the other less, than the solid hydrate. 

The second kind of saturated solution was discovered by Rooze- 
boom in an investigation” on the hydrates of calevwm chloride. It should | 
be particularly emphasised that both of these saturated solutions are |k 
entirely stable, and nowhere supersaturated. | 

Supersaturation only occurs in a solution represented by a point — 
on the left of the curve ABCDEFGHJKL; by adding to a solution a 


1 These two cases are good examples of the ‘‘ eutectic and dystectic” mixtures | 
described on p. 121. 


2 Zeitschr. phys. Chem. 4, 81 (1889). if 
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piece of its respective hydrate in the solid state supersaturation will 
be avoided, when, according to circumstances, the proportion of ferric 
chloride will be either diminished or increased, according as the 
saturated solution belongs to the first or the second category. 

Before the work of Roozeboom, only the highest hydrate of ferric 
chloride was known with certainty, a second one being known incom- 
pletely. But the investigation of the equilibria led necessarily to 
the discovery of the others. While Roozeboom was studying the 
“solubility curve” of the hydrate with 5H,O, he found certain 
irregularities which he suspected to be due to the existence of another 
hydrate, and thus he was led to the discovery of the hydrate 
Fe,Cl,.7H,O. Now the stable part of its solubility curve extends 
only over the portion DEF, i.e. from 27°4° to 32°5°, and from 30° to 
32°5°. This hydrate would hardly have been discovered without a systematic 
investigation of this sort. 


Detection of Chemical Compounds of two Components by 
Means of Melting Curves.—A curve of melting-points may always 
be used to detect chemical compounds of two substances in the same 
way as for water and ferric chloride in the example given above ; each 
compound is indicated by a maximum, since an excess of either com- 
ponent lowers the melting-point of the compound; ef. also p. 122. 


The points C, G, E, J on the curve Fig. 38, are such maximum 


freezing-points of mixtures of iron chloride and water. They corre- 


_ spond to simple molecular proportions of the two components, according 


to the law of multiple proportions. 

This method is especially useful in studying racemic mixtures ; on 
account of the exact similarity of the dextro and laevo forms, the 
melting curve must be symmetrical about the racemic compound. 
According to the extensive investigations of Adriani,! three cases are 
to be distinguished :— 

1. A continuous (convex or concave) curve, indicating mixed 


crystals. 


2. Two curves, cutting at the composition of the racemic mixture, 


_ give a eutectic point (no compound). 


3. Three curves, the central one with a maximum, indicating a 
racemic compound; eutectic points lie symmetrically on each side 
(mixture of the compound with the dextro or laevo body).? 


Thermoanalysis.—The practical investigation of melting-point 
curves presents some difficulties, especially the analysis of the solid 


a phase which often separates from the melt in an impure condition, 


' and commonly so at high temperatures. In these cases a complete 


1 Zeitschr. phys. Chem. 38. 453 (1900). 
2 The figures 43, 40, 41 given below, correspond to cases 1, 2, 3; except that, 


according to reasons already given, the curves must be symmetrical about the 50 x 
mixture. 


. 
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and clear idea of the prevailing conditions can be obtained by a 
systematic investigation of the rate of cooling of the fluid mixture 
prepared from the two components~in known proportions. This can 
also be carried out at high temperature, ¢.g. by using thermo-elements. 
In recent times, this method of thermoanalysis has been extensively 
used by G. Tammann! and his pupils in the investigation of compounds 
between metals. Following the example of this author we will now 
describe the application of this method to four principal cases.” 

Fig. 39 represents the cooling curve of a binary mixture, from 
which two different kinds of crystals, A and B, separate. Crystallisa- 
tion of A begins at the point a, and 
lowers the rate of cooling, while 
at b crystals of B also begin to 
separate. During the simultaneous 
crystallisation of A and B, the con- 
centration of the melt is fixed, the 
equilibrium is therefore complete, 
and hence the removal of heat 
does not affect the temperature. 
We thus obtain an interval of steady 
, temperature on the cooling curve. 

Time The duration of this is proportional 

Fig. 39. under the same conditions of cool- 

ing to the heat set free, t.c. to the 

mass of the eutectically crystallising fluid. As can be seen from Fig. 

39 the temperature falls slowly towards the end of the crystallisation, 

because the melt is no longer in proper contact with the thermometer, 

which is surrounded to some extent by crystals. In order to deter- 

mine accurately the duration of crystallisation we must produce fc 

to cut a horizontal through b. The distance of the point of inter- 
section d from b gives the corrected duration of crystallisation. 

The following four principal cases are especially important :— 

1. When the two substances A and B are miscible when liquid in 
every proportion, but form neither a compound nor mixed crystals, 
then the crystallisation of all possible fluid mixtures of A and B is 
represented by the diagram in Fig. 40. On the curve ac erystallisa- 
tion begins with separation of A, on the curve be with separation of 
B. When A crystallises from a ‘melt, e.g. of the composition m,, the 
concentration of B increases till the point ¢ is reached where eutectic 
crystallisation begins. The mass which crystallises at the temperature 
of the point c will be different for melts of different composition. If 
the melt had originally the composition represented by ¢, the whole of 


Temperature 


1 See the last volume of the Zeitschr. anorg. Chem. and the collected results in Zeitschr. 
Sf. Elektrochem. 14. 789 (1908). 

2 For further numerous important details see especially the excellent monograph by | 
R. Ruer, Metallographie, 1907, Hamburg. 1h 
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it would crystallise eutectically. Ifthe melt consisted of pure A or pure 
B, none of it would crystallise eutectically : between these points the 
' mass of the eutectic mixture obtained is proportional to the concentra- 
tion. If the mass of eutectic mixture for the melt m, is given by the 
ordinate pm,, then 
the ordinates of the 
two straight lines Ap 
and Bp give the mass 
of eutectic mixture 
erystallising from liquid 
melts.of various com- 
position. The time 
during which the 
temperature remains 
steady on cooling will 
_ be proportional to 

_ these ordinates pro- 
_ vided equal masses 
of the different melts 
are taken, and the A 
. conditions of cooling 

are the same. 

The cooling 
curves for the com- 
positions 0, m,, my, 

m,, 100 are shown 

in Fig. 40. 
If these intervals 
of time, which can be 
_ easily determined, 
are plotted against 
the concentration, 
_ two straight lines Ap 
_ and Bp are obtained, 
which cut at the concentration of the eutectic point c. If the relations 
_ are as described, the two substances form no compound, for in all the 
- mixtures temperature becomes steady at the same point; the forma- 
_ tion of mixed crystals is also out of the question, for if not, the 
_ steady point would vanish in the neighbourhood of A or B. 
a The structure of the conglomerate formed is also closely connected 
_ with the behaviour on crystallisation. In all conglomerates whose 
' composition lies between o and m,, will be found the primarily 
_ formed large crystals of A surrounded by the eutectic mixture ¢ 
_ which has a finely grained or granular structure. The mixtures 
' richer in B will, on the contrary, contain the primarily formed B 
_ erystals, surrounded by the eutectic. 


A+Melt B+Melt 


Temperature 


Temperature 
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2. If the two substances form a compound A,,B, and are miscible 
as fluids in all proportions, then if no mixed crystals are formed the 
diagram Fig. 41 represents the phenomena observed when the molten 
mass crystallises. The curve dce gives the temperatures at which 


crystals of the compound A,,B, are in equilibrium with melts of . 


different composition. This curve is cut by the melting-point curves 
of A and B, in the points d and e, which are therefore two eutectic 
points, at the temperatures of which crystallisation of melts of a 
composition between A and A,,B,, or B and A,B, is complete. The 
mass crystallising at d and 
e varies as the ordinates of 
the straight lines Ap, pq, qr, 
and rB. It is therefore only 
necessary to determine ex- 
perimentally the relation be- 
tween concentration and 
duration of crystallisation 


‘polation the point q which 
gives the composition of the 
compound. Working with 
only 20 grams of substance 
it is easy to find the con- 
centration at q to within 


Fig. 41. 


accurate for the same number of observations. 


3. It often happens that a compound A,B, does not melt to a 


homogeneous fluid, but is decomposed to a crystal B and a melt of 
the composition e according to the equation 


Agen 2 es. B 


Such an example is met with in Glauber salts. The reaction occurs | 


at the point e in the melting-point curve be along which B separates. 


At this point equilibrium is complete, and hence we obtain intervals |F 
of steady temperature on the cooling curves of melts up to the |F 
composition represented by the point c (from which B separates). | 
The time during which the temperature remains steady is greatest | 
when the melt is of a composition corresponding to the compound | 
AmBn ; it will therefore be given by the ordinates of the straight lines |F 


tr and rB (Fig. 42). 


Further, when melts of a composition between q and p crystallise, - 


we obtain residues which crystallise eutectically at the temperature. 


in order to find by extra- i 


a few per thousand. The | 
direct determination of the |; 
concentration at the maxi- | 
mum c which corresponds | 
to the point q is much less | 


Lee 


ice i 


__ approaches near the point e. 


_ At such a point the com- 
position of the melt will 


a 


in equilibrium with it, just 


CHAP. 11 TEMPERATURE AND COMPLETE CHEMICAL EQUILIBRIUM 635 


of the point D—hence the duration of this crystallisation is given by 
ordinates of the straight line pq. Hence we have two independent 
ways of determining the composition of AmB, ; (a) the length of time 
during which the temperature remains constant at the point e has its 
greatest value when the melt has the same composition as the 
compound, (b) the duration of the crystallisation at the temperature 
corresponding to the point d is zero when the melt has the composi- 
tion of the compound. The 

distance between e and c 
depends on the amount of 
melt formed from the com- 
pound by overshooting the 
temperature of the point e. 
If this mass is very great, 
and therefore the mass of 
erystal B small, then c¢ 


4, When the two sub- 
stances A and B form a 
continuous series of mixed 
crystals, we may have either 
a@ maximum or a minimum 
on the freezing-point curve. 


obviously be the same as 
that of the mixed crystal 


as before. Such a melt will A Ais 6, B 


_ therefore crystallise like a Fig. 49. 

single substance, and the 

' cooling curve will become horizontal to the time axis. We shall 
_ confine ourselves to the case where the freezing-point curve rises 
gradually without maximum or minimum from the melting - point 


of A to that of B. As both the composition of the mixed crystal 


and that of the melt alters during crystallisation, we shall not 
get an interval of steady temperature on cooling, but the. begin- 


; ning and end of the crystallisation will be shown by two well- 


ain 


defined breaks on the curve (Fig. 43), because the heat set free 


_ diminishes the raté‘of cooling. -If we plot the temperatures at these 


breaks, which are shown in Fig. 43 for a few concentrations, against 
the corresponding concentrations in the temperature-concentration 
diagram, and join the points which refer to the beginning of 


crystallisation, we obtain the curve acb, and similarly for the 


_ temperature of the end of crystallisation the curve adb. Above the 


. ach all mixtures are liquid, under the curve adb only mixed 


636 THEORETICAL CHEMISTRY BOOK IV 


crystals exist, and in the area between the two curves ach, adb, we 
have mixtures of melt and mixed crystals. From the diagram Fig. 
43 we can read off for every melt the concentration of the mixed 
crystal in equilibrium with it when crystallisation begins; for example, 
the melt ¢ is in equili- 
brium with the mixed 
crystal d, because at the 
beginning of crystal- 
lisation (ég. in ¢) the 
melt, at the end (e.g. 
in d) the solid phase, 
has the composition 
which corresponds to 
the abscisse in ques- 
tion, and the tempera- 
ture at c and d is the 
Time same. 

Hence, without 
carrying out analyses 
which are often made 
difficult by the separa- 
tion of mixed crystals 
from the melt, we can 
in this case also ascer- 
tain by thermo-chemi- 
cal measurements the | 
crystalline composition of mixed 
crystals deposited from | 
melts of known com- 
position. The condition | 
for the described be- |) 
4 Composition & haviour is, however, | 
that during cooling the } 
mixed crystals and the | 
melt are in equilibrium at every moment. At first sight it seems | 
improbable that this condition is realised, because equilibrium will 
not be maintained unless the mixed crystals deposited are. con- |7 
tinually remelted and redeposited in a form of different composi- | 
tion. Experience teaches, however, that this in fact is very nearly | 
true, especially at high temperatures. Delay in establishment of |f 
equilibrium has the effect of lowering the end-point of crystallisation, © 
and therefore the middle part of the curve adb bends downwards — 
towards lower temperatures. 


Temperature 


Temperature 


Fig. 43. 


The following remarks may be made on the question whether the — 
maximum of melting-point should be a sharp point, as at c in Fig. 41, or \jF 


4) 
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flat, as at the points C, H, etc, in Fig. 38 (cf, also Le Chatelier, Zeitschr, 
| phys. Chem. 21. 557 (1896); van’t Hoff, Vorlesungen, i, p. 62, ff.). If the 
4 compound is practically undissociated in the liquid condition, its melting- 
point will be lowered by the addition of a component proportionally to the 
molecular weight of the compound; and a sharp point will be obtained. 
_ But if the compound dissociates to a noticeable extent, its dissociation will 
be diminished by addition of one of the components according to the law of 
mass-action (just as the electrolytic dissociation of water is diminished by 
hydrogen or hydroxyl ions). In consequence, the number of molecules is 
diminished and the freezing-point will not be lowered so much, and 
therefore the maximum will not be sharp. When dissociation is very 
great the curve will be so flattened as to form practically a continuous 
maximum. As long as dissociation remains within reasonable limits, and 
therefore the laws of dilute solution remain applicable, an exact theoretical 
discussion seems possible; in the case of very high or practically complete 
dissociation, we are compelled to use approximation formule. A quanti- 
_ tative investigation of this case, if necessary, by the use of the methods for 
determination of the molecular weight of liquids, appears advisable (Book II. 
- Chap. III.). In the third book we have seen that the relative stability of 
chemical compounds may be judged from their proportions at equilibrium 
in a homogeneous system ; similarly it is important to notice in this case 
that the character of the freezing-point curve in the neighbourhood of a 
maximum gives us a measure of the affinity of components to one another 
in a homogeneous liquid. 


a a ee ee 
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Systems of Three Components.—The investigation of such 
systems is, of course, much: more complicated, since the variety of 
- complete equilibria already reaches an extraordinarily high degree. 
_ As, so far as I can see, no new general theoretical considerations are 
_ involved, such systems will not be discussed here. Reference may 
be made to van’t Hoff, Vorlesungen, i.; Roozeboom, Heterogene 
 Gleichgewichte vom Standpunkt der Phasenlehre, Braunschweig, 1904 ; 
- and further to the publications by Roozeboom, Schreinemakers and 
their pupils in the Zeitschr. phys. Chemie. 


General Remarks on Complete Equilibria.—It has already 
_ been shown (p. 473) that the so-called complete equilibria possess by 
no means a special theoretical importance. We have then further 
seen in the third book that the treatment of all heterogeneous 
equilibria can be referred to chemical equilibria in homogeneous 
__ systems, and to the more physical equilibria of evaporation, solubility, 
' and partition of a substance between two phases. From this point of 
_ view, which was developed by the author in the first edition of this 
' book, and is at present practically universally adopted, heterogeneous 
' equilibrium assumes quite an arbitrary nature—which perhaps has not 
' been sufficiently emphasised up to now—for it is made up of various 
_ phenomena of quite different kinds happening simultaneously. The 
__ interest of scientific investigation, which must always, to be of use,— 
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as the brilliant development of physics has especially shown—be 
directed to the clear representation of the fundamental phenomena, 
can therefore only be directed to a deeper investigation of equilibria 
in homogeneous phases on the one hand, and of the laws of vapour 
tension, solubility, and partition of a substance between two phases 
on the other hand—in the last case especially also to the consideration 
of mixtures of any concentration (not only to dilute solutions, which 
form the simplest and therefore classical special case). The state of 
affairs may be shown by an example. The resistance of a spool of 
wire for alternating currents is of a fairly complicated character ; it is 
made up of the ordinary “ohm” resistance, which can be calculated 
from the dimensions of the wire and conductivity of the material used, 
and further of the “impedance,” which is a factor depending on the 


self-induction of the spool and the frequency of the alternating © 


current ; finally, rapidly alternating currents give rise to a special 
phenomenon—the lines of current on the surface of the wire are 
forced apart, and this tends to increase the resistance. 

It is quite clear that in particular cases (¢.g. for the needs of 
electrotechnics) the total resistance of a spool (measured by the 
potential at its ends for a given intensity of alternating current) is 
of the greatest importance ; but measurements when all the different 
influences are at work, have no direct interest from the point of view 
of physics; the object of scientific investigation is rather to explain the 
separate phenomena as far as possible. In just the same way the 
investigation of heterogeneous equilibria may be of the greatest 
importance in special cases for preparative work, e.g. for the preparation 
of new compounds, and also for geological and similar questions; yet 
it is of no direct theoretical interest on account of its complicated 
nature. The objects of scientific investigation lie, in my opinion, in | 
quite another direction, which is perfectly definite, as has been shown |} 
above. 


It must particularly be noticed that the phase rule is nothing but a 
scheme into which heterogeneous equilibria fit, and with which, therefore, — 
every investigator of this region must be familiar, just as the analytical 
chemist must never forget that the law of conservation of mass must remain 
valid during the carrying out of his operations. But when B. Roozeboom, 
very naturally overrating the rule that guided him in his fine experimental 
work, says that there is no better point of view in heterogeneous equilibrium ! 
than Gibbs’ phase rule, he makes a statement as misleading as if an 


analytical chemist said there was no better point of view for him than the |F 


law of conservation of mass. It must not be forgotten that as to the more 
frequent, and by far the more important heterogeneous equilibria, namely, the 
incomplete, the phase rule has nothing to say. But, apart from this, 
research must not be too limited in its object, and chemistry would almost 
be reduced to a triviality if we followed Roozeboom’s suggestions. Molecular 


1 Journ. phys. Chem. 1. 559 (1897). 
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theory, thermodynamics of incomplete equilibrium, and especially the law 

| of mass action, are far more important guides, and of deeper meaning, than 
the scheme of the phase rule, useful and even indispensable as the latter is 
to chemical research.! 


The Thermodynamics of Complete Equilibrium.—If we allow 

a complete equilibrium to pass beyond “the limiting curve” (p. 620), 

_ one phase will disappear and a new one will appear ; both these phases 
_ are coexistent in the limiting curve itself. 

If we denote by Q the quantity of heat absorbed in the transition, 

_ by V, the associated increase of volume of the system, and by A the 

maximal external work performed by the system as a result of the 

change, then the second law of thermodynamics gives the equation 


(p. 21), 
dA 


Both Q and A refer to a definite change of volume V, of the system, 
e.g. an increase of volume of 1 c.c. If we denote by p the pressure at 
_ that point of the limiting curve where the transition occurs, then it 
follows that 
A= Vp, and dA = Vidp ; 
and we find that 


Q= oy, Bratt RAL 6 BEES 


This equation contains all that the second law can teach us about a 
chemical system in complete equilibrium. It is obvious that the 
thermodynamic formule derived for evaporation (p. 58), sublimation 
‘(p. 71), and fusion (p. 68), are special cases of equation (I.); because, 
as is shown on p. 473 and following, equilibrium between different 
states of aggregation must be included among the cases of complete 
equilibrium. 

Now, as we have already become acquainted with important 
_ applications of equation (I.), and as its manipulation in more complicated 
cases offers no particular difficulties, we may refrain here from a 
description of any further special applications, and especially so as we 
shall still frequently make use of this very equation. 


FIP 


Equation (I.) gives simple results when-it is applied to the passage across 
the limiting curves im the wmmediate neighbourhood of their points of wnter- 
section, i.e. of the transition points, — 

_ 1 hus van’t Hoff remarked, ‘‘It is a pity that, valuable as the contents of the 
phase rule is, there has been a certain exaggeration of its scope” (Ber. deutsch. chem. 
Ges, 35, 4252 (1892)). Unhappily, the over-estimation which Roozeboom has bestowed 
upon the phase rule has risen, especially in his monograph mentioned above, to an unjust 
" criticism of those authors who think the continuous development of the phase rule quite 
_ unnecessary for their own work. 


ie 
‘ 
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Let us imagine the system to be conducted around the transition point 
in a very small circle; then altogether n limiting curves will be crossed, and 
we shall obtain n equations of the form of (L.), viz.— 


dp dT 
(Ayes Tor T Vo or TV) = a Q. 


If we add these n equations, it follows that 


dp dT 
2Q = 2T — d 2TV,=2—Q; 
2Q)= aT Vo an V5 ne OF 
now DQ is the sum of the heat developed in circling around the transition 
point, and is accordingly zero, as in every reversible isothermal heat process 
(p. 19); ZV, is also zero, because the system returns to its original volume ; 
and of course 2TV, is zero, because T changes only to an infinitesimal 


amount during the passage around the circle. And thus we find that 
dp , dT 
Vo= za ies 
2 aT ae 0./ 


These are the conditions which arise ioe one phase is replaced by another, 


and which must exist between the values of the trigonometrical tangents of _ 


the angles at which the limiting curves cut in their common points of inter- 
section ; and between the latent heats on the one hand, and the changes of 
volume on the other. 


Reference may be made to the investigations of Riecke! for a number of | 


other general relations which are required by thermodynamics for the 
particular factors of the complete equilibrium. 

Tammann (monograph quoted on p. 94) has discovered the following 
theorem on the position of curves which terminate in a triple point: “ The 
prolongation of each curve of equilibrrwm must lie between the other two 
curves.” The proof of this theorem rests on the consideration that on a 
temperature entropy diagram a triangle corresponds to the triple point; a 
corresponding law necessarily holds for the perpendiculars to the three sides, 


and this leads to the above theorem on transference to the pressure- |} 


temperature diagram. 


Condensed Systems.—The complex cases, which van’t Hoff 2 calls | 


“ condensed systems,” offer certain peculiarities which justify us in giving 
them a special description, although, like the cases already considered, 
they are subject to the general laws of complete chemical equilibria. 
Such are the heterogeneous systems, all the reacting components of which are 
in the solid or liquid state, but not in the gaseous state. 

The simplest type of this sort of reactions is the melting of a solid 


body. The equilibrium with which we are here concerned, which > 


consists in the coexistence of a solid body and its melted product, is 
“complete,” because for any definite temperature there is only one 


pressure at which both phases of the system are stable beside each |f 
other. This pressure changes with the temperature in such a way > 
that it can be calculated from Thomson’s formula, when we know the > 


1 Zeitschr. phys. Chem. 6. 268, 411 (1890). 2 Htudes de dyn. chim, p. 189. 
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_ change of volume on melting and the associated absorption of heat 
| (p. 68). The temperature at which the two phases can coexist at 
__ atmospheric pressure is called the “ melting-point ” of the solid body. 
In contrast to the reactions where a gaseous phase either appears 
or disappears, the change of volume occasioned by the change of phase 
in condensed systems is relatively very small ; and therefore, according 
_ to equation (I.) (p. 639), the influence of the pressure on the equilibrium 
temperature is only very slight. Thus while the boiling-point varies 
greatly with the external pressure, the melting-point changes to only 
_a relatively small extent. 

This alone must be recognised as the characteristic peculiarity of the 
reactions of “ condensed systems,” which places them in an obviously purely 
quantitative contrast to those reactions where substances volatilise. 

Thus for most purposes it is immaterial whether we study the 
“ condensed systems ” at atmospheric pressure, or at some other pressure 
not very far removed from it; and it is still less important to take 
into account the slight variations of the atmospheric pressure. 

That temperature at which all phases of a condensed system can 
exist beside each other is called the transition temperature. Below 
this the reaction will advance to a completion (i.¢. until one phase at 
least is completely exhausted) in one direction, above it, in the opposite 
direction. 

q The “transition temperatures” of the systems described on 
' pp. 622 and 627 can be found by searching out the temperature-points 
| corresponding to atmospheric pressure on the limiting curves which 
_ separate the region of liquid and solid phases. They nearly always 
| lie in the immediate vicinity of the intersections of the limiting curves, 
1.€. near the true transition points. This will be more thoroughly 
explained later. 
If we allow the transformation in a condensed system to complete 
itself in one sense at a temperature only a little below the transforma- 
ion temperature, and then warm the system to a point a little 
bove the transformation temperature, so that the reaction is reversed 
—then after cooling down to the original temperature the system is 
gain in its original condition. The two opposite changes complete 
hemselves spontaneously, and are therefore each able to perform a 
ertain amount of external work, although this is usually very slight. 
Hence, in this cyclic process, heat must have fallen from a higher 
0 a lower temperature. That is, the transformation below the tempera- 
ture of transformation, must occur with a development of heat ; and above this 
mperature with absorption of heat; or the system which is stable at higher 
mperatures 1s formed from the system which is stable at lower temperatures 
with an absorption of heat. 
_ As is well known, it always takes an elevation of temperature to 
melt a solid substance; this fact necessarily requires that to melt a 
ubstance heat must be introduced. 


ee a ee ee ee 
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Allotropic Transformation.—An important example of a con- 
densed system is found in the equilibrium between two modifications 
of the same substance. : 

The transformation of orthorhombic into monoclinic sulphur has 
been well studied. At atmospheric pressure these two phases are in 
equilibrium at 95°6° ; if the pressure is kept constant, then above this 
temperature the orthorhombic sulphur goes over to the monoclinic 
variety, while, conversely, below this temperature, the monoclinic 
variety changes to the orthorhombic ; in both cases the reaction occurs 
without change of composition of one of the phases, and therefore it 
occurs completely, as is the case in all such reactions. 

The transformation temperature, which is completely analogous to 
the melting-point, varies with the external pressure ; and it is directly 
obvious from the considerations of the preceding sections that the 
variation may be calculated from the same formula (Thomson’s) which 
allows the calculation of the dependence of the melting-point upon the 
external pressure. 

Thus if dT denotes the elevation of the transformation temperature 
caused by an increase of pressure dp, o and 7 the specific volumes of 
monoclinic and orthorhombic sulphur respectively at the transformation 
temperature T on the absolute scale, and r the amount of heat in 
g.-cal. absorbed when 1 g. of sulphur is transformed, then, according 
to p. 68, we have 

Ny PY AA Coee eS 
ge rae 
and since, according to Tammann,! 
T= 278 + 954°, ¢-1=0-01895 com. SP = 20% 
; v-dT 1088 


atm. per degree, | 


therefore 
P= SelOrcal., 


while Bronsted? found the value r= 2°40 at T= 273°, and by using 
Regnault’s values for the specific heats of the two modifications, extra-_ 
polated the value r= 3:05 for the transition temperature. | 

Although, therefore, the influence of pressure on the temperature |7 
of transformation of allotropic modifications is very slight, yet it exists — 
in every case, and may become very considerable when enormous 


pressures come into play.? This point is of great importance in |) 
mineralogy ; under the enormous pressure of cooling rocks certain — 


modifications may be formed, which have not yet been prepared in | 


the laboratory, because it has not been possible to reproduce the |) 


conditions of their formation. 
In general, the study of the equilibrium conditions between the — 
1 Schmelzen und Kristallisieren (Leipzig, 1903), p. 274. 


2 Zeitschr. phys. Chem. 55. 375 (1906). 
3 See especially the researches and calculations in Tammann’s work quoted on p. 94, | 
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allotropic forms of a substance is usually rendered impossible by reason 
| of the slowness of the transformation. Thus we do not know for 
) certain which of the modifications of carbon is the more stable, or 
where the temperature of transformation lies, etc. Moreover, the 
_ argument that graphite must be more stable than diamond at high 
_ temperatures, because, according to p. 598, it would be formed from 
_ diamond with absorption of heat, is not conclusive, for the heat of 
transformation changes with the temperature on account of the differ- 
ence between the specific heats of the two modifications, and therefore 
_ the heat of transformation at the transition temperature (which is the 
only determining factor) may be even different in sign to that referred 

to ordinary temperatures.! 
As to the velocity of the change there are the greatest differences. 
In some cases, ¢.g. tetrabrommethane, it is as rapid as the solidification 
of a liquid; in others so slow that the two modifications can be kept 
for years without the transformation taking place. In these cases it is 
_ often quite impossible to tell which is the stable form, or where the 
transition temperature lies, e.g. between graphite and diamond, between 
quartz and tridymite. In fusion, equilibrium can only be overshot in 
one direction; a liquid can be cooled far below the melting-point 
without solidifying, but a solid cannot be heated above the melting- 
point without fusion. On the other hand, a transition equilibrium can 
be overshot in both directions, so that a substance can often be heated 
_ well above its transition point without being turned into the stable 
' form. The transition is usually hastened by contact with already 
_ transformed material, just as an undercooled liquid can be made to 
' freeze by introducing a crystal of the solid. HE. Cohen” has studied a 
' good instance of this in tin. The white form in which tin is usually 
' known is really only stable above 20°, but can be very much under- 
_ cooled without conversion into the grey form. In very cold winters 
_ spontaneous conversion sometimes takes place, and the mass of tin falls 
into powder, If the white tin is “infected” with a trace of grey tin, 
_ the conversion into the grey form, “the tin disease,” goes on at 

ordinary temperature.* 


“Liquid Crystals.” —The fact that certain crystals exist which are 
' flexible and even plastic has been long known; in recent times it has 
been brought into parallel with a very remarkable transition point. 
For as Reinitzer (1888) first observed,‘ there are substances which 
_ are turbid when melted, and then suddenly become clear at a sharply 


1 On the formation of diamond see the very interesting work of Moissan, The Electrie 


2 Zeitschr. phys. Chem. BO. 601 (1899) ; 38. 57 (1900); 35. 588 (1900), 

i 8 Wor applications of Thermodynamics to Metallography see especially Physikalische 
_ Chemie der Metalle, by R. Schenk (Halle, 1909, published by Knapp). 

4 For details see the monograph by R. Schenk, Aristallinische Flissigheiten, Leipzig, 
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defined temperature above the melting-point. On cooling, the 
phenomena are reversed. 

Soon afterwards Gattermann found that these same phenomena 
were exhibited by a class of chemically well-defined substances, 
namely, the different derivatives of p-azoxyphenol, and especially by 
p-azoxyanisol. This last substance melts at 116° to a turbid, bright 
yellow liquid, which suddenly becomes clear at 135°2°. Hence we 
have here a transition temperature corresponding to the melting-point, 
or the equilibrium between two modifications. 

O. Lehmann, and later, R. Schenk and others, called the turbid 
melt “liquid crystals,” or more properly, an aggregate of small, very 
soft crystalline individuals, because when it is placed between crossed 
Nicol prisms, the field of sight is strongly illuminated. 

In the publications of these authors, no difference was made 
between the phenomenon under consideration and the probably entirely 
different phenomenon of plasticity of certain crystals, so that there 
exists at present an obvious confusion which it is decidedly necessary 
to remove. 

The clearing up of the turbid melt doubtless reminds one at first 
of the critical solution temperature of two liquids which dissolve each 
other only partially. This idea was put forward and developed by G. 
Tammann,! but yet the questions on the nature of the two partially 
miscible liquids which must be assumed present in the melt of the 
single crystallised substance have not yet been answered, although 
the possibility of the formation of isomers in variable equilibrium | 
with each other cannot be denied beforehand. Further, there is the | 
difficulty that in none of the numerous investigated cases has it been |} 


found possible, as with ordinary emulsions, to make a real separation i 


in layers by means of centrifugal stirring and similar methods. All | 
other properties of the turbid liquid, especially the illumination | 
between crossed Nicols, are apparently satisfactorily explained by 
Tammann’s emulsion theory. 

On the other hand, there are most decided objections to the view | 
of Lehmann and Schenk. If the faculty of crystallisation is ascribed | 
to the obviously perfectly mobile molecules of the milky fluid, then it |F 
is impossible to see why this power of orientation which the molecules 
possess should not be extended through the whole liquid, and so a 
clear crystal be formed. If, on the contrary, the milkiness is explained 
by assuming that crystal aggregates are formed, then these must behave } 


like very large molecules, and, apart from the fact that this makes |— 


the mobility of the liquid inexplicable, Schenk himself found, by the | 


method of Eétvés, the normal molecular weight ? in the classical example |— 


of p-oxyanisol. 
Moreover, the assumption that the milky fluid consists mainly of |F 


u Cree der Physik, 19, 421 (1906). 
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_ molecules of the normal size, but contains also in equilibrium with 
these a number of highly polymerised, orientated molecules, which 
would behave therefore like small crystalline individuals, cannot be 
reconciled with the fact that the clearing up does not take place 

_ gradually, but at a temperature which can be sharply determined. 

I have found the above considerations neither discussed, nor even 
put forward, by Lehmann or Schenk, and so it appears to me that 
their assumptions are in themselves contradictory and therefore 
cannot be accepted. But Tammann’s theory, as shown above, is also 
without proper foundation. 

It is highly probable that the discovery of the true nature of the 
remarkable transition from milky into clear fluid will lead to important 
new knowledge. For the closer investigation of the phenomena in 
question, important material has been put forward in recent times by 
Schenk from the point of view of physical, and Vorlinder! from that 
of pure chemistry. An explanation can obviously only be looked 

_ for from a quantitative investigation; the accumulation of purely 

qualitative microscopical observations, and the publication of number- 

' less photographic views appear somewhat useless for an extension of 

our knowledge, in spite of the artistic nature of the pictures. 


O. Lehmann (Physik. Zeitschr. 7. 578, 1906) and later Vorlinder (c.) 
have found substances which pass through two different turbid modifica- 
tions, and therefore possess two transition points, like that described above. 
' Further, Vorlander made the interesting observation that the turbidity 
- point sometimes lies in the supercooled region ; such substances melt clear, 
' and become turbid when carefully cooled below their melting g-points. Finally, 
_ Vorlander showed that the appearance of the turbidity pain is connected 
_ with the existence of certain groups in the molecule, ae. he was able to prove 
that the property of forming liquid crystals was constitutive (p. 345). 
E I have taken the above remarks unchanged from the last edition of this 
* book, and it only remains necessary to emphasise again the fact that a 
satisfactory explanation of the observations mentioned has not yet been 
arrived at. In particular, it seems to me in no way proved that the new 
observations of Vorlinder? on “transparent crystalline liquids” really 
concern the same range of phenomena; thus, amongst other things, it is 
emphasised that the new doubly refractive liquids are very viscous. I 
found it impossible, however, to obtain a picture of Vorliinder’s new 
observations from his-description ; the fact that this author thinks that no 
special hypothesis is necessary to account for the milkiness of the crystalline 
liquid shows how very hazy his ideas are about the whole phenomenon : 
' “The chemist must often be in a position to notice how a liquid solidifies, 
and it is nothing out of the ordinary to him when a colourless clear liquid 
solidifies to a white opaque crystalline mass instead of to a clear crystal. A 


1 Zeitschr. phys. Chem. ‘BT. 357 (1906); cf. further Avristallinisch -flissige 
stanzen, by the same author, (Stuttgart, 1908, published by Enke.) 
2 Ber. deutsch. chem. Ges. 41, 2033 (1908). 
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crystalline liquid behaves correspondingly.” The author completely overlooks 
the fact that an opaque crystalline mass is due to flaws or enclosed mother- 
liquor, and that transparent crystals can always be obtained in these cases 
by careful working, while in the case of liquid crystals, the milkiness of the 
substance is inevitably associated with a certain range of temperature. 
Although I have further above expressly emphasised that “Tammann’s 
theory is without proper foundation,” Vorlinder, somewhat prematurely, 
as will be admitted, states that Tammann and Nernst stand on the basis of 
the emulsion theory. On the contrary, I would repeat that we are still 
without a hypothesis which is in itself logical, and at the same time en- 
lightening. 

Yet it may be finally mentioned that the latest investigations of Boses 
(Physik. Zeitschr. 10. 32, 1909) probably mark an advance. This author 
has shown that certain anomalies in the viscosity of the milky fluids vanish 
entirely, or at any rate, partially diminish, when care is taken to stir 
thoroughly. In agreement with this, he develops the idea that in the 
milky condition orientated swarms of molecules are formed under forces 
of cohesion. These cause the milkiness and anisotropy. At the clearing 
temperature the intensity of motion due to heat is just enough to destroy the 
orientating tendency of the anisotropic-fluid condition. I could at first see 
no decided difference between this and the above shortly mentioned assumption 
of the formation of highly polymerised orientated molecules, so, according 
to physico-chemical principles, the milkiness should disappear gradually and 
not suddenly. But Boses considers that under certain conditions the 
transition can take place very abruptly. 


The Melting of Salts containing Water of Crystallisation.— 


| Te 


Among the other phenomena which belong here, and which are of a |f 


chemical nature, in contrast to those preceding, which are more of a 
physical nature, is the so-called melting of salts containing water of 
crystallisation. The fact that their fusion is usually accompanied by 
the separation of a salt containing less water of crystallisation, shows 
that here we are not dealing with a case of simple fusion, «¢. with 
the smooth change of a solid into\a liquid. 


Thus from the fusion of Glauber’s salt, there results not only i 


a liquid product (a saturated aqueous solution of Glauber’s salt, 
SO,Na,.10H,O), but also the solid anhydrous salt, SO,Na,. 

Now it is at once evident that we are dealing here with a “com- © 
plete equilibrium” ; for in the liquefaction of Glauber’s salt there are 


three phases present, namely, SO,Na, . 10H,O (solid), SO,Na, (solid), ay | 


and H,O + xSO,Na, (saturated solution), and as we require at least 


two molecular species, H,O and Na,SO, to construct all three phases, — | 


therefore, according to the phase-rule, for a given pressure there can 

correspond one, and only one, temperature at which all three phases 

can coexist beside each other. Below this temperature the reaction, 
SO,Na, . 10H,OS580,Na, + 10H,0, 

will advance to completion in the direction from right to left; above © 

this temperature, from left to right. 


| 
i 
. 
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The temperature (33°), which corresponds to atmospheric pressure, 
is called the “transition temperature.” On account of the very slight 
changes in volume associated with the reaction, this temperature varies 
to only an inconsiderable degree with the external pressure. 


The Formation of Double Salts.—Now there have been found ! 
a number of transition temperatures of condensed systems which 
consist of four phases, and therefore, according to the phase-rule, must 
be constructed of at least three molecular species. 

A reaction of this kind is the formation of double salts, such as 
blodite (astrakanite, simonite), (SO,),Na,Mg . 4H,O, from the sulphates 
of sodium and magnesium. This reaction is given by the equation 


SO,Na, . 10H,O + SO,Mg . 7H,027(SO,),Na,Mg . 4H,0 + 13H,0. 


The four phases at equilibrium consist of the three solid salts and 
their saturated solution. The temperature of equilibrium is 21°5°; 
above this temperature only the phases occurring on the right side of 
the reaction equation are coexistent ; below it only those on the left. 
This will appear from the following considerations. 

If a mixture of finely pulverised blédite and water, in the proportions 
given above, is prepared below 21°5°, the mixture, which at first was 
a thin paste, hardens in a short interval to a completely dry and solid 
mixture of the first two sulphates. This does not happen above 21°5°. 

Conversely, if a finely powdered mixture of the two sulphates of 


' sodium and magnesium in molecular proportions is made, then above 


21°5° blédite is formed after some time, and the water which is set free 

partially dissolves it; but below 21°5° the mixture of the finely 

powdered sulphates of sodium and magnesium remains unchanged. 
This case is further complicated by the liquefaction of the Glauber’s 


_ salt, which, as mentioned above, occurs at 33° in the absence of other 


salts; but here, as a result of the presence of magnesium sulphate in 
molecular proportions, the melting-point experiences a depression of 


a 7°, just as the melting-point of water is depressed by the presence of 


dissolved salts. 
The conditions for the formation of sodiwm-ammonium-racemate are 
completely analogous. Above 27° the double salt can be obtained by 


_ rubbing together a dry mixture of dextro and laevo sodium-ammonium- 
 tartrates ; but below this temperature it cannot be formed. 


At the transition temperature four phases, namely, the three solid 


4 salts and their saturated solution, are coexistent. 


At every other temperature the reaction 
2C,0,H,NaNH, . 4H,027(C,0,H,NaNH,), . 2H,O + 6H,O 


' advances to completion either in one sense or the other. If therefore 
' we wish to separate from an optically inactive mixture dextro and 


+ van’t Hoff and van Deventer, Zeitschr. phys. Chem. 1, 170 (1887). 


648 THEORETICAL CHEMISTRY BOOK IV 


laevo modifications by the method described on p. 337, we must carry 
out the experiment on the right side of the transition temperature (in 
this case, ¢.g., below it). 

The formation of calciwm-copper-acetate (CaCu(Ac), . 8H,O) from the 
two salts (Ca(Ac),. H,O and Cu(Ac),.H,O), and the corresponding 
quantity of water 6H,O is peculiar,! for it takes place easily at lower 
temperatures, but not above 76°, and hence, above this temperature, 
the double salt is decomposed, which is just the opposite to the cases 
already described. Further, the decomposition of the double salt on 
raising the temperature is accompanied by a very considerable con- 
traction and by a very apparent change in colour, the double salt 
being blue, the copper acetate green, and the calcium acetate colourless. 

The formation of cupric-potasstum-chloride (CuCl,KCl), and also 
that of cupric-di-potassium-chloride . (CuCl,2KCl.2H,O), has been 
thoroughly investigated by Meyerhoffer.?_ The transition temperatures 
of the two reactions 


CuCl, . 2KCl. 2H,0Z7 CuCl, . KCl + KCl + 2H,0; 
CuCl, . 2KCl. 2H,0 + CuCl, . 2H,0Oz7 2CuCl, . KCl + 4H; 


are at 92° and 55° respectively ; below these temperatures, only the 
systems on the left side are capable of existence ; above them, only 
those on the right side. At the transition temperatures fowr different 
phases are coexistent, and for their construction we need in both cases 
three molecular species (H,0, KCl, and CuCl,). 

The systems standing on the left differ by the presence of a 
molecule of cupric chloride; the fact that this molecule occasions a 
depression of about 37° in the transformation of the cupric-potassium- 
chloride, reminds us again of the depression of the freezing-point of a 
solvent by the addition of a foreign substance.® 


The Double Decomposition of Solid Salts.—Finally, some 
condensed systems are known where jive phases are coexistent in the 
equilibrium, and hence where fowr molecular species are required to 
construct the phases. This is the case in the double decomposition of 
solid salts ; as, ¢.g., of magnesium sulphate and sodium chloride to form 
the double salt blédite (a sodium-magnesium-sulphate) and magnesium 
chloride. This occurs according to the equation 


2NaCl + 280,Mg . 7H,027(SO,),MgNa, . 4H,0 + 
MgCl, . 6H,O + 4H,0. 
The transition temperature is 31° ; if finely pulverised blédite is mixed 
below this temperature with magnesium chloride and water in the 


1 Reicher, Zeitschr. phys. Chem. 1, 221 (1887). 

2 Ibid. 3. 336 (1889), and 5, 97 (1890). 

3 For further examples, see van’t Hoff, Bildung und Spaltung von Doppelsalzen, 
Leipzig, 1897. ; 
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| above proportions, the thin paste at once solidifies to a completely dry 
solid mass, which consists of sodium chloride and magnesium sulphate ; 
above 31° the mixture remains unchanged. Conversely, an equimole- 
cular mixture of NaCl and MgSO,. TH, O changes above, but not 
below, 31°, into blédite and MgCl, and ihe water cae is éliminated 
partially dissolves the mass. 

At the transition temperature there are five phases coexistent, 
namely, the four solid salts and their saturated solution. 

The relations are precisely analogous in the reaction 


SO,Na, . 10H,O + 2KCIZ7S0,K, + 2NaCl + 10H,0, 


_ the transition temperature of which! is 3:7° 


j 
+ 


Pr hele oe 


2 


Vapour Pressure and Solubility at the Transition Tempera- 
- ture.—In all the condensed systems mentioned above, the case has 
arisen where n molecular species reacted in n+1 phases, and hence 
were in complete equilibrium. 

But in every case we can imagine a new phase added to the system, 
namely, the gaseous phase ; because we can think of the system under 
_ its own vapour pressure instead of atmospheric pressure. This change 
in pressure will cause a displacement of the transition temperature, 
' but only a relatively small one, and rarely as much as a few tenths of 
a degree ; for we have just recognised that the chief peculiarity of a 
_ condensed system is the small dependence of the transition temperature 
g on the external pressure. 

a Under these conditions we have a system of n+ 2 phases, for the 

' construction of which we need only n molecular species. That point 
at which the n+ 2 phases coexist is therefore a “transition point” in 
the sense defined on p. 618, and, moreover, it is an (n + 2)-fold point. 
_ The space above the n-systems will be filled by the vapours emitted 
by each of the solid or liquid phases; and although the vapour 
‘pressure of any single one (as of the water-free salts, eg.) may be 
_ extremely small, nevertheless it is not absolutely zero, but is a definite 
although perhaps minute fraction of the total vapour pressure. 

Now under the conditions of temperature and pressure at_ the 
transition point, the phases standing on the left-hand side of the 
reaction-equation exist side by side in stable equilibrium with those 
standing on the right-hand side; hence it necessarily follows that at 
the equilibrium temperature the vapours sent out by each group of 
hhases have the same composition and density. 

Therefore the vapour-pressure curves of two mutually convertible 
stems, @g. of ice and water, rhombic and monoclinic sulphur, 
lauber’s salt and the saturated aqueous solution of Na,SO,, etc., must 
t each other at the transition point, and also approximately at the 


. | van’t Hoff and Reicher, Zeitschr. phys. Chem. 3. 482 (1889). 
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adjacent temperature of transformation—a conclusion which has been 
most thoroughly justified in all cases thus far investigated. 

Now it is frequently possible to measure the vapour pressures of 
each system both above and below the transition temperature, where 
in the first case one system, in the second the other system, is in a 
labile condition. Then, obviously, the vapour pressure of the stable 
system will be the smaller, and that of the labile system the greater. 
Measurements have, in fact, shown that below the transformation 
temperature the stable system does show the smaller vapour pressure, 
but that above this point the same system, which has now become 
labile, has the greater vapour pressure. 

An analogous conclusion is arrived at for the solubility of two 
groups of phases which are convertible into each other in the sense of 
the reaction equation concerned. ; 

Thus if we treat the two systems with any (chemically indifferent) 
solvent at the temperature of transformation, the two solutions obtained 
must have the same composition and concentration ; for if this were 
not the case and the two solutions were placed in communication with 
each other, then the equalisation of differences in composition would 
cause diffusion to take place, while at the points where the two groups 
of phases were in contact with their two (communicating) solutions, 
the concentration would be kept constant by continuous solution or 
crystallisation, and such a process would necessarily lead to the | 
disappearance of one or several phases, which is impossible as they | 
are actually in equilibrium. ; ' 

This conclusion has been experimentally verified in a great number |} 
of cases by van’t Hoff and his students. 

Thus, ¢.g., a saturated water solution of blédite at the transtorma- 
tion temperature, 21:5°, had the same concentration as a saturated — 
solution of sodium and magnesium sulphates ; under this temperature | 
the mixture of the two sulphates, as the more stable system, had the | 
lesser solubility, and the solution of blédite, as the labile system, the — 
greater solubility. 

Thus the solution of the less stable system has the character of a | 
supersaturated solution, and, in fact, crystallisation follows on contact _ 
with the ingredients of the other systems. | 

Above the transition point the behaviours of the two systems | 
are reversed, and at the transition point itself the solubility curves — 
intersect. 

The amorphous condensation products of a substance (p. 94) must, — 
since they are in an unstable state, have a greater vapour pressure — 
and solubility than the crystalline variety. 


| 
The Determination of the Temperature of Transformation.— _ 
In most cases it is easy to obtain an upper and a lower limit for the | . 
temperature of transformation by finding two temperatures, at one of | 
| : 
a 


wr 
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| which the reaction takes place in one way, and at the other in the 
‘| opposite way. But it is only very rarely that an exact determination 
can be made in this way, because the reaction is frequently retarded. 

The following methods, however, which were devised by van’t 
Hoff, and remind us partly of the melting-point determinations (p. 329) 
are almost always applicable:— 

ly The fact that the change of one group of condensed systems 
into the other is almost always associated with more or less large 
change in volume can be made use of in the following way. 

The ingredients of one group, intimately mixed, are placed in a 
dilatometer, which must be filled with an indifferent liquid, as oil. 
If the temperature of the water bath in which the bulb of the 
dilatometer is placed is then altered very gradually, the. level of the 
oil in the projecting capillary tube changes steadily; but in the 
immediate neighbourhood of the transformation temperature a sudden 
_ displacement of the oil level takes place caused by the transformation, 
: and very different to the otherwise steady change. 

q 


It is advisable, as a rule, in order to promote the occurrence of the 
reaction, and prevent the system persisting in the labile condition, to 
mix beforehand with the substances a little of the ultimate products 
of decomposition. 

2. The fact that the change is almost always accompanied by 
either a development or an absorption of heat can be used to deter- 
mine the transformation temperature in a way similar to that in which 
| the development of heat in freezing allows an exact determination 
' of the freezing-point. That system which is converted into the other 
| with a development of heat is under-cooled ; then when the reaction 
' occurs, the temperature rises to the transformation temperature, which 
_ may be read off from a thermometer dipping into the mixture. 

3. The vapour pressure, or solubility curves of the two systems 
" are determined, and then the respective points of intersection corre- 
' spond to the temperature desired. 

_ __In order to measure the very slight differences of vapour pressures 
which are met with here, it is advantageous to use the differential 
_ tensimeter.! 

; Thus, in determining the temperature of transformation of the 
“systems 


SO Nay. 10H,0Z*S0,Na, + 10H,0, 


a the vapour Pisibns were fennel to be equal at 32°5° — 32°6°; while 
_ the interpolation of Loewel’s determination of the solubilities of the 
two solid salts, showed an identity of solubility at 32°65°. 


1 Bremer, Zettsch. phys. Chem. 1, 424; Frowein, ibid., 1, 10 (1887). 
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| 
| Solutions of 
Temperature. : 
SO4yNag SO4Nag . 10H 90 
31°84° 40 50°37 
32°78° 50°76 49°71 


The two determinations of the temperature agree excellently, and 
also sufficiently well with the so-called melting-point, 33°, which is 
directly determined. 


CHAPTER III 


THERMO-CHEMISTRY III 


TEMPERATURE AND INCOMPLETE EQUILIBRIUM 


The Thermodynamics of Incomplete Equilibrium.—Although 
the influence of temperature on a complete equilibrium is always such 
that, at constant pressure, the slightest change of temperature is suffi- 
cient to cause one of the phases to vanish completely, thus occasioning 
an entire rearrangement of the system, yet a similar change of the 
temperature has an entirely different effect in the case of an incomplete 
equilibrium. Here a slight change in the temperature never occasions 
more than a very slight change in the equilibrium; because the 
relative proportions of the reacting ingredients are always so changed 
' by a displacement of the equilibrium in one sense or the other, that 
_ the slight change in the reaction coefficient caused by a slight change 
| in the temperature is exactly compensated, 
| The results of a variation in the external pressure, at constant 
_ temperature, are exactly similar; in the first case [that of complete 
» equilibrium], complete elimination of one of the phases takes place ; 
in the second case [that of incomplete equilibrium], there is only a 
| very slight displacement of the equilibrium. 
If we denote by 


| 3 


op 

areh 

_ the change in the pressure of a reaction mixture, caused by a rise of 
_ temperature dT at constant volume, and by 


0Q 

| the heat absorption which iad place if we increase the volume of the 
‘reaction mixture by dV at constant temperature, then, according to 

I . 24, we have 

. 653 
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0Q op 
aya lan 3 : : (IT.) 

The equation (I.) on p. 639 is a special case of (II.) and is obtained 
when Q and V are proportional to each other. 4 

Equation (II.) is applicable both to gaseous systems and also to — 
solutions, provided that in the former cases the equilibrium pressure 
p is measured by means of an ordinary manometer, and in the latter 
case by means of an osmotic apparatus. It is also applicable even 
when the gases or the dissolved substances react in a high state of 
concentration,! or when various solid substances take part in the 
equilibrium. 

It is easy to see that when this formula is applied to the 
equilibrium between a solution and its vapour, we obtain Kirchhoff’s 
equation, which we have already arrived at in a way (p. 113) identical 
in principle with the preceding. 

But equation (II.) is too general to be really useful, and we must 
look for a more convenient form. This can be obtained if we again | 
confine ourselyes—as in the treatment of complete equilibrium in the — 
preceding book—to the case when the phases of systems of variable 
composition are either gases at not too high pressure, or else solutions at not 
too high concentration. ; 


The Reaction Isotherm, and the Reaction Isochore.—It was 
van’t Hoff who succeeded in reducing to a very simple form, the | 
equations which are obtained by the application of the second law of 
thermodynamics to the special chemical processes described above. 

Consider a chemical system consisting of one phase which has a © 
variable composition (as a gas mixture or a dilute solution), and of | 


any number of phases of constant composition, and suppose a reaction |) 


to take place according to the scheme :— 


Seng Me , te, / 
¥j0 + Vet... +m A, +n,Art . . Za,’ + y9'Ay +. 
/ 7 YW, ie): 4 
+n, Ay agen wt 
where v,, v, . . » V3 Yo + - . denote the numbers of molecules of the 
reacting solid substances a,, a, ... aj, a, ... respectively. Then 


application of the law of mass-action gives us the equation 


0 


,', Nn 
C, Come ae ois 


Ke 


Ce tae ee a) 
where ¢,, Cy ss c,', C, . . . denote the concentrations of the mole- 
cular species, A,, Ao, . Ay, aN ae ie i 
The equilibrium coefficient K as caer at a given temperature ; i.e. it 
is independent of the relative proportions of the reacting substances - its change 
with the temperature is given by the following equation deduced by van’'t Hoff: |e 


? Compare, ¢.g., van Deventer and van der Stadt, Zeitschr. phys. Chem. 9, 48 (1891). 
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ane Ries 


_ here, as always, In denotes the natural logarithm, U the heat of 
_ reaction measured at the abs. temp. T, and R the gas constant. 

This equation is of the highest importance and widest application, 
_ as will appear in the following sections; he who would penetrate 
_ deeper into the relations between heat and chemical energy, must be 
_ familiar with its meaning and manipulation. 

While the equation of Guldberg and Waage, 


teak 
a 2 
C, “1 C, LOMO 


Nia 1 
Cre Cone ys ae 


enables us to calculate the influence of changes in concentration af 
constant temperature, the van’t Hoff equation 
gin Ko) U 
ES FA REE. 
_ instructs us regarding the influence of temperature upon the equilibrium 


of a system at constant volume. Therefore I suggest that the former be 
called the equation of the reaction isotherm, and the latter the equation of 


The latter is a differential equation ; its integral is 
U 
} In K = RT F B, 
_ where B is an integration constant. 
_ If the value of K is K, and K, at the temperatures T, and T, 
respectively, then we obtain 


U 
In K, = RT, SF B, 
U 
In K,= RT, +B ; 
d by subtraction 
Weis wi 
ln K, - In Ko a-4} 


the temperature, which is, in fact, only approximately true. But, if 
e changes are but slight, and the temperatures T, and T, are not too 
removed from each other, then the preceding equation will be 


L ae + T, 
2 
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The Derivation of the Reaction Isotherm. —The equation of 
the reaction isotherm, which must be considered the general expression 
of the law of chemical mass-action, can be made to appear correct, at 
least in all probability, by means of kinetic considerations, as we have 
already seen on p. 443. Moreover, as we have already thoroughly 
shown in the third book, a wide experience has shown us that the 
law of mass-action is well founded on experiment. 

In spite of this, this chemical law is of such fundamental 
importance, that a closer investigation of the question from the point 
of view of thermodynamics will not be superfluous. 

Following the example of van’t Hoff we will consider the following 
process. Let a system be given which is either gaseous, or a dilute 
solution ; and moreover, let it be in contact with various solid sub- 
stances. 

Now suppose equilibrium to be established by the reaction, 


Sao a 
V4 + Vogt... + DA, + MAS... 2 Oy, 8, Pega . -+ny'Ay 
+n, Ay 4. ¢ 


which takes place according to the scheme on p. 654, the concentration 
of the molecular species A being denoted by ¢ (of course adding the 
corresponding indices). Also, let all the molecular species be in the 
free state, a,, a)... a,', a) being in the solid state, in which state they 
participate in the equilibrium, and A,, A,... A,’, A,’ being present, 
either as gases if the phase of variable composition of the system 
considered is gaseous, or else dissolved in the respective solvent if the 
variable phase is a solution. These take part in the equilibrium 
according to their concentrations C . . . (again taking into account the — 
proper indices). 

We will suppose v4, vo... and m4, n,... molecules of the substances 
occurring on the left side of the equation, to be introduced into the mixture, 
and at the same time v,', vo... andn,’, Ny . . . molecules of the substances on 
the right side of the equation, to be removed from the reaction mixture. | 

We will also imagine the process so conducted that the reaction — 
mixture preserves its composition unchanged, so that at every moment _ 
the quantity of A molecules introduced is equivalent to that of A’ 
molecules taken out, and hence in the reaction mixture the change © 
from left to right continually completes itself, without causing any — 
perceptible alteration in the concentration ratios. ‘ 

In this way it is clearly possible to conduct the reaction isothermally © 
and reversibly ; the only question is whether we can calculate the — 
work so performed. i 

It. will be simpler first to take a particular case, ¢.g. the formation — 
of water vapour according to the equation 


2H = 2H: 


Let ¢, ¢,, ¢,' be the concentrations of the reacting molecular species 


“7 


eee 
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at equilibrium, and suppose the substances originally in the free state 
with concentrations C,, C,, C,’. 

We will first deal with the problem of calculating the work involved 
‘in transferring a mol of gas from a space where its concentration is C 
to one where it is c, and for simplicity we will assume that both 
spaces are so large that the addition or withdrawal of a mol makes no 
appreciable difference to the concentration. If the pressure and 
volume in the two spaces are PV and pv respectively, the mol must 
first be withdrawn from space I, by which the amount of work PV is 


gained, then expanded to volume v, yielding work=RT In ¥ (see 


p- 51) and finally introduced under the constant pressure p into space 
Il, which requires work pv; hence the work gained is 


Vv 


PV+RTIn v7 PY 
or since 
_ PV = py, 
simply 
3 Blinc = RT In 
V c 
since 
} Vi v=. 
q In conveying n mols the work is, of course, 
7 nRT In ©: 
¢ 


: We can now calculate the maximum work done when hydrogen and 
' oxygen of concentration C,, C, are converted isothermally and revers- 
_ ibly into water vapour of concentration C,’. If two mols of hydrogen 
are taken from a space of concentration C, into a space where the 

concentration is ¢,, and there is equilibrium with the other molecular 


C 
2. and 

: Cr 
to remove the water vapour formed requires the work 2RT1n Pa 

= 1 


- species, we gain work 2RT In “1 ; for a mol of oxygen RT In 7 
: : j ay 2 


Hence the work gained is 


A=oRTInt4RT in &2-oRTIn&, 
¢; Cr C 
Cre: he . 
nA a Vie In G72 + RT In ae, 


The maximal work must, however, be independent of the nature 
; 2uU 


= . ee 


8 =) 
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of the reaction mixture, which only plays the part of an intermediary 


which suffers no appreciable change during the process. This is only 
2, 
possible if, at constant temperature, the expression RT In 4 2? and} 


EN} 
) 


therefore —5— remains constant ; this is, however, nothing else than the 


GCs 
law of mass-action. 

There is now no difficulty in dealing with the most general case. 
We have only to calculate, as in the special case above, the work done 
in introducing into the mixture the substances on the left of the 
equation, and removing those on the right, the process being, of course, 
isothermal and reversible. 

The work done in introducing or removing the molecular species a 
and a’ which are solid, is, of course, nothing; the work gained in 
introducing the molecules on the left-hand side of the equation is 

n, RTIn = Si 4 npRT In ae 
Cs 
and the work done in . out the equivalent molecules on the 
right-hand side of the equation 
a (nen In a +n, RT In C,! Ae I 
oR & 


Hence altogether we find ; 
A=RDn e+ RT 
Gi a 16% No ce ; ; 


Since A cannot depend on the nature of the reaction mixture 


is constant ; 7.¢. we have the law of mass-action in its most general form. 
If the concentrations C,, C,, . . . C,’, C,’ are all unity we have simply |} 


A=RTInK; 


the maximal work of a chemical process can be therefore very simply 
derived from the constant K. 


Assuming that the process described is realisable in all cases, then the |) 
proof given above is strictly valid, «e the law of chemical mass-action is e 
a necessary conclusion from thermodynamics. We can hardly doubt the |) 
possibility of its realisation in those cases where there are several valine | 
species both on the left and on the right pds of the equation. — 


dissociation to consider, the doubt arises that the respective molecular special fF 
cannot be removed from the reaction mixture in a pure state, but at once} 
dissociate—that is, that if eg. we wished to remove phosphorus penta-} 


x — Ve n ti { 

' + 
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chloride from a mixture of this with phosphorus trichloride and. free 


chlorine, it would at once dissociate. 
This doubt may be removed by remembering that we only have to 


_ remove the molecular species in question quickly enough and bring it into 
such a state that dissociation cannot take place; eg. it may be brought to 


; 


a state of strong condensation, or into a solvent which does not cause 
dissociation ; in this way the process described above can be modified in a 
way which is perfectly immaterial for the final result. If we assume the 
possibility of working with sufficient rapidity, then the process described is 
realisable im all cases, and we find that the law of mass-action is a strict 
postulate of thermodynamics. 

Now, the maximal work A is not only independent of the relative con- 
centrations, but is also independent of the whole nature of the reaction 
mixture, ¢g. it is independent of the nature of the solvent in which the 
equilibrium of the reaction considered is established. 

Hence it is easy to see that 2f we know the equilibriwm constant K for any 
particular phase, and tf we also know the distribution coefficients of the reacting 
_ molecular species as compared with any other phase, then we are also able to 

_ state the condition of equilibrium in this phase. This result has been already 
obtained in an entirely different way (p. 505). 

If the solvent is one of the reacting molecular species, then it follows (p. 

111) that for the transference of n molecules there is required the work 


J 


nln = Jaya hs 
i) 


where ¢ and ¢, denote respectively the concentrations of the saturated vapour 
at the temperature in question, of the solution containing the reacting 
_ substances and of the pure solvent. Now, ¢, is constant at a given 
_ temperature ; whence it follows that the solvent has the active mass ¢ ; 1... 
- we may regard the active mass of a solvent as proportional to the concentration 
of the vapour emitted by it, which proves the proposition given on p. 469. 
_ This result could not be deduced from kinetic considerations, and was first 
discovered by me in this way. Thermodynamics in such cases can lead us 
further than kinetic considerations, and it should be emphasised that, when 
we deal with concentrated reaction mixtures, theoretical treatment is entirely 
dependent on thermodynamics. If we were in the possession of rules for the 
_ vapour pressure of mixtures of any degree of concentration, then we should 
able to treat the reactions of such systems with the same completeness as 
_ in the case of the reactions of dilute solutions. 

4 Finally, in order to consider briefly the case of electrolytic dissociation 
_ from the standpoint of thermodynamics, the application of the law of mass- 
action to electrolytes, which has been discussed in Chap. IV. of the preceding 
_ book, necessarily follows from the purely experimental result that for the 
mpression of an electrolyte which is dissociated into n ions, n times as 
much work is required as in the case of the undissociated substance. 


_ 


The Derivation of the Reaction Isochore.—TVhe equation of the 
reaction isochore is at once given by the application of the fundamental 
uation (p. 23): 
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dA 

dv 

to the process considered on page 656. We found the maximal work 
A to be 


A-U=T 


TN by Delia} cage tRTIMK; 
aA OmOm din K 
: aT =RIn 0" 6, i aos +RinK+ RT aT . 


The decrease in total energy U is, however, nothing else but the 
latent heat of the chemical process, i.e. the heat which is given out 
when the process takes place without performance of external work. 


It follows on introducing the value of A and 
that , dln K 


This is the equation of the reaction isochore. 

Now it should be expressly emphasised that, as also doubtless | 
follows from the derivation of the equation of the reaction isochore, 
we are dealing with the concentrations and not with the partial pressures of 
the particular molecular species. It was immaterial in the application 
of the equation of the reaction isotherm whether we worked with one }| 
or with the other of these magnitudes ; but this is not the case with 
the reaction isochore, since if the temperature is changed at constant | 
volume the concentration of a substance remains constant but not its }) 
pressure. 

In what follows we shall make several applications of the integrated 
form of the preceding equation, obtained on p. 655: 


In K, -In K, = Ble = * } 


Bi Tew 


If we express as usual the heat of reaction U, in calories, then R } 
amounts to 1°985 (p. 48). If we work with ordinary logarithms 
instead of natural, then we get finally 


4°571(log K, — log K,)T,T, 
een 


= cal. 


Vaporisation.—We have found for the equilibrium between a} 
simple liquid and its saturated vapour, the relation 


i ee 
SSR 


1.é. for every temperature there corresponds a definite concentration 


j 


cHaP. 111 | TEMPERATURE AND INCOMPLETE EQUILIBRIUM 661 
} 


of the saturated vapour. Now if we denote, by p, and p, respectively, 
the values of the vapour pressure corresponding to the temperatures 
T, and T, (which are only slightly different from each other), then 
we obtain from the preceding equations 


U/1 1 \ 
ai Ss — a - 7, } 
| 1c , die AN ena 9 
From the figures which Regnault obtained for water, viz. 
T2273", Pp, = 454 mm., 
‘he soya £ Le, Pp, = 10°02 mm., 


it follows that U= — 10,030. Now the molecular heat of evaporation 
A, at 5°77°, was found to be 10,854; and if we subtract from this 
latter value the external work, 2 = 558, then it follows that 


U= — 10,296, 
_a value which is in satisfactory agreement with the preceding. Later 
measurements by Henning! give for U the value 
U = — 10,663 + 558 = — 10,105, 
_ which agrees still better with the calculated value. 
We have previously (p. 59) found that 
dl|n P 
oe 


Now if we compare this equation with that obtained by the application 
_ of the reaction isochore, viz. 


\=RT? 
b- 


din & 


AD 
dT 
: we obtain, in agreement with what precedes, the 2quation 


dInT 
dT 


_U =RT? 


’ 


XSW SRT? =RT. 


The Dissociation of Solid Substances.—The heat of sublimation 
of a solid substance can be calculated from its vapour pressure at two 
different Ep peeauires, in exactly the same way that the heat of 


foaly the case where the sublimation 1s  altended with dissociation. 
Bet us suppose an the solid substance is broken up into n, mols 


B vatiel pressures of the particular molecular species amount respec- 
tively, to p,, p,, etc. Then, according to p. 482: 


1 Ann. d. Physik [4], 21. 849 (1906). 
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By 5 tb . . 
K=cmem ...= eae =. 
If*the decomposition products in the vapour space in contact with the 
solid bodies are present in the same proportion in which they are 
produced by the reaction, then we have 


n 


> 1 _ 
p=t » Pp : 
BSE BIE Ca, Jy! n,+N,+ . 


Ny 


b) 


where Pjdenotes the total pressure (dissociation pressure) of the gases. 
If this amounts to P, and P, for the two temperatures T, and T, 
respectively, then it follows that 

fs P, | Py \ 
In K,-In K,=(n,+n,+.. am T, In T = R(T, ap 


1 


In the dissociation of ammonium hydrosulphide, 
NHS =NH, E385 
m= land mn, = 1, Hence 


ay Pw ae 
2 7; QR 


2 } 


And from the figures 
T=273+ 9°5°, P,=176 mime 
T= 273+ 25°1°, P,=501 mme 
it follows that U = — 21,410 g.-cal. | 
Now the thermo-chemical measurements give 22,800 as the mole- 
cular heat of sublimation of NH,SH; and if we subtract from this 
value the amount of the external work, 1.¢. | 


4T = 1160, 


we obtain as the value of U observed, = — 21,640 g.-cal.t 

It is of some historical interest to point out that, by a calculation 
which is completely analogous to the preceding, Horstmann? in 1869 |" 
ascertained theoretically the heat of sublimation of ammonium chloride, | 
and thus for the first time applied the second law of the mechanical | ¢ 
theory of heat to chemical processes ; the great fruitfulness of the law, 
when applied in this direction, has been clearly brought out by the |)’ 
investigations of Horstmann and his successors. 

Of course a similar calculation can be made for the dissociation of 
compounds containing water-of-crystallisation ; and thus the combining heat 
of water-of-crystallisation can be theoretically calculated from the} 
change of the dissociation pressure with the temperature. Horstmann|) 
called attention to this, and later on Frowein® investigated it|) 


thoroughly. 
1 van’t Hoff, Etudes, p. 139. 
2 Ber, 2. 187 (1869); more thoroughly 14. 1242 (1881). 
® Zeits. phys. Chem. 1. 5 (1887). 
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} Moreover, the curve of the dissociation pressure of calcium carbonate} 
_ has made possible the calculation of the heat of formation of this 
substance from CO, and CaO. 


The Dissolving of Solid Substances.—The analogy between 
the processes of dissolving in any solvent, and of evaporation, is also 
shown by the fact that the same formula which allows us to find the 
heat of vaporisation from the change of the density of the saturated 
vapour with the temperature, allows the calculation of the heat of solu- 
tion from the change of solubility with the temperature. Thus, since every 
substance has a definite solubility in a definite solvent at a definite 
temperature, we have simply 

Ke, 


here c denotes the concentration of the saturated solution at the 

temperature T. Let us suppose that c has the respective values c, and 

_ Gy, at the temperatures T, and T,; then for the heat U absorbed during 

solution, 7.¢. the negative value of the heat of solution (p. 602) of 
1 mol of the dissolved substance, we obtain 


. In ¢, — In a= gaz): 
1 2 
From the solubility of succinic acid in water 
ca 288, L273", 
= 422, T,=273° +85", 


' yan’t Hoff? calculated the value of U to be —6900, while direct 
measurement by Berthelot gave — 6700. 
The values of the solubility denote the weight per cent. By the 
_ term mol is meant of course that quantity of the dissolved substance 
__ which exerts, at the same volume and temperature, the same [osmotic] 
_ pressure as 1 mol of an ideal gas, and therefore the applicability of the 
__ preceding formula involves a knowledge of the molecular condition in 
the solvent used. In the special case just considered, succinic acid 
__ is dissociated electrolytically to only a slight extent, and therefore has 
the normal molecular weight. 
Conversely, from the comparison of the observed heat of solution 
with that calculated, it is, of course, possible to draw an inference as 
to the size of the molecule in the respective solvent. 
. The correction for the external work performed, which was of 
_ importance in the case of the heat 2 of vaporisation (see above), can be 
' neglected in the case of the heat of solution, because no perceptible 
_ external work is associated with the solution of a solid substance. (See 
also p. 141, where Q denotes the heat of solution under the osmotic 


oo 


1 
1 Le Chatelier, Z.c, 98. 2 Lois de Véquilibre, etc., p. 37 (1885). 


~es a 
a ‘ 
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pressure of the saturated solution, and differs from U by the amount 
of the external work, viz. 2T.) 


The Dissociation of Solid Substances on Solution.—This 
case is, of course, treated in a way exactly similar to that for the dis- 
sociation of solid substances on vaporisation (p. 661). 

As an example we will consider the solution of silver chloride ; 


thus, near e 
AgCl = Ag + Cl. 


If the solubility of this substance at T, and T, is ¢, and c, respectively, 


then it follows that 
Ufa oy 
—-Ine,==5| = -~z }. 
Ine, = Ine, Rl T, e 
F. Kohlrausch and F. Rose’ have measured the conductivity of 
saturated silver chloride solutions at a number of different tempera- 
tures, and give for the solubility ¢ at ¢° the formula 
er = ¢,,[ 1 + 0°049(t — 18) + 0-00089(t — 18)?} 
which agrees well with their observations above 18°. 
It is more convenient here to apply the unintegrated equation 
dine 


ago 2 
U= -aRT, 


from which we get 
dine Bye S0 + 2 0:00089(t ~ 18) 
dT — 1+ 0-049(t — 18) + 0-00089(t — 18)?” 
From this may be calculated that at 22° U = — 16,000, whilst on 


p. 612 we found —15,800. The agreement is remarkable,—c,, is 
1:05 x 10~° g. equiv. per litre. 


The Solution of Gases.—For gases we have 


Kes 

c 

where c denotes the concentration in the gaseous state, and c’ that in | 
solution (Law of Henry). ‘Let us denote the Bunsen coefficient by a; |} 
then, according to p. 490, 


aD 
ores 
and therefore 
diInK RTI? da 
=— gee — 
U=RT aT = ar + RT. 


' Wied. Ann. 50. 186 (1898); see also F, Kohlrausch. Zeits. hys, Chem, | 
197 (1908). ee de 


m 
& 


A i 
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The heat of solution Q amounts to 


; OE hv= Ue: 
and therefore, according to Kirchhoff (1858), 
BET” do: 
Q= - Sete ar 


Thus Naccari and Pagliani! found for carbonic acid, that 
a = 15062 — 0°03651 t + 0:000292 t?; 
from which, for t=20 (i.e. T=273°+ 20°), Q is calculated to be 
4820; while Thomsen by a direct measurement found 5880. It is 
probable that the measurements of the absorption coefficients are not 


accurate enough for this calculation ; thus, for instance, the older 
measurements of Bunsen are entirely unsuited for this purpose. 


a Sas) 


> 


The Dissociation of Gaseous Substances.—If a molecular 
species A, whether it exists as a gas or in dilute solutions, decomposes 
according to the general equation of dissociation, 


IN i aaa 


_ then at equilibrium we have 
Resto miene sees 


' where ¢, ¢,, ¢, ... are respectively the concentrations of A, A,, 


; If the dissociation products are present in equivalent proportions, 
_ and if x denotes the dissociation coefficient, then, if 1 mol occupies 
_ the volume v, we have 


ex. n,X nox 
Re ea ae 
and therefore 
K n,™n," mir pit xmitnet . oan 
ee (ie x)v tna sok 


Let us suppose that the mol considered occupies the volumes v, 
nd v, at the temperatures T, and T,, and that it is dissociated to the 
fractional extent of x, and x, respectively. Then the equation of 
he reaction isochore gives, for the calculation of the heat of dissocia- 
mn, the relation 


oe Ty+no+ . Es ae uaenat 1 1 ) 


a (l- a, nyfngt ...-1 Ing = Gy fittest R 


Let us apply this equation to the dissociation of nitrogen dioxide, 
_ N,O,=2N0, ; 
1 N. Cim. [8], 7. 71 (1880). 
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then 


and we obtain 


Ae Bae er oars oe Lee ) 
n-———_ = ==} 
(1x, )v, (1 -x,)y, Rte 
Let the vapour density, at the temperatures T, and T,, and at 
atmospheric pressure, be A, and A, respectively ; then, according to 
p. 349, we shall have 
3-179 -A, 3-179 
x, =————, and x. — , 
A, 
where 3°179 is the vapour density without dissociation, as calculated 
from its molecular weight, N,O, = 92. 
Now the volumes occupied by 1 mol of .N,O,, in the two cases, 


are respectively 


3179 sts, 
vy, =0°0821T, Non and v, = 0°0821T, 


1 A, 

because the mol of an ideal gas at T, and at atmospheric pressure, 
occupies the volume, 0°0821T litre, and the volume of 1 mol 
of N,O,, as a result of the partial decomposition, is increased in the 


ratio ae Observing, moreover, that 
apes as 3-179 
sere 


we finally obtain 


From the values 


T,=273 + 26°7°, A; =2°65, x, = Oseno, 
T,= 273 + 111°3) A, = 1°65, x, = 0° 926% 
it follows that 
U= — 123900. 


The dissociation of 96 g. of NO, then requires the very consider- | 
able quantity of heat of 12,900 g.-cal., provided that it occurs without | 
the performance of external work; as, eg., by connecting a vessel | 
filled with nitrogen dioxide with another which is exhausted ; during the} 
equalisation of the pressure, the volume of the enclosed gas is increased, i 
and therefore a certain fraction of it, which can be calculated from the} 
equation of the isotherm of dissociation, is dissociated into the single} 
molecules. ial 

Such an experiment, which would lead to a direct determination of} 
U, has not yet been carried out ; but by means of the measurements| 
by Berthelot and Ogier (p. 350) of the mean specific heat of nitroger} 


' 


3 ra ae a 


wn 
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dioxide between 27° and 150° under atmospheric pressure, van’t Hoff! 
calculated the heat of dissociation by subtracting from the quantity of 
heat required for this rise of temperature, the energy required for the 
simple warming of the gas, and also the energy consumed in the 

performance of the external work, thus obtaining the energy used up 
in the dissociation. It coincides well with the calculated value? 


U = — 12,500. 


Swart * has recently shown that all the vapour-density determina- 
tions of nitrogen dioxide are in harmony with the preceding formula, 
and that, moreover, the variation of the specific heat of this gas, as 
observed by Berthelot and Ogier, can be calculated in a completely 
theoretical way. 

Now if we substitute in the integrated equation of the reaction 

_ isochore (cf. also p. 453) 

7 K- LC ee er eas 
(l-x)v (l-x®)RT 

(where ae the total pressure of the gas), we obtain 


(2) ae 
Sp RT 


or after introducing the theoretical vapour density 6, and that 
observed A, we obtain 
In ee eae a const 
C247 Po oRT 


Thus is a general equation of condition for gases existing in the state of 
binary dissociation. 

In order to determine U and the integration constant, measure- 
ments of the vapour density at two different temperatures must be 
_ made; and then by means of the two preceding formule we can 
calculate the degree of dissociation, and also the vapour density, for 
any conditions of temperature and pressure (U being assumed in- 
_ dependent of T). 

It should be observed, in making calculations of this kind, that the 
constants in the two equations have different values, as is apparent 
from the derivation. ‘The first form is more convenient to work with, 


+a const. ; 


: : ee 
especially when a table is calculated for In ae in every case. 


Tt was shown by Gibbs‘ (1879) that all the observations on the 
_ vapour densities of formic acid, acetic acid, and phosphorus penta- 
chloride, can be eebiactorily represented by means of the preceding 
equations. 

L Etudes, p. 1338. 18 See also Boltzmann, Wied. Ann. 22. 68 (1884). 


3 Zeits. (Bie Ohem. 7. 120 (1891). See also Schreber, ibid, 24, 651 (1897). 
* Sill. Jowrn. 18. 277 (1879) ; see also p. 493. 
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The Dissociation of Dissolved Substances.—The formule 
developed in the preceding section can be applied to this case without 
alteration ; v, and v, denote respectively the volumes at T, and T, of 
solutions containing 1 g.-mol, and x, and x, the respective degrees of 
dissociation under these conditions. For the special case of a binary 
electrolyte, we have 


Ky xe (Le) Vas at. a 


In 


KR  =°0-a,)% 2 tee 

on account of the very slight expansion of water solutions from heat 
one may, without hesitation, make v,=v,, if the same solution is 
investigated at two temperatures. 

We have only a few data at hand for the calculation of the heat of 
ordinary dissociation in solution! As, however, the measurement of 
electrical conductivity leads to an exact determination of the degree 
of electrolytic dissociation, data for the calculation of the heat of 
dissociation can be obtained by the very simple and exact measure- 
ment of the temperature coefficients of the conductinty. 

In this way Arrhenius? ascertained the heats of dissociation for 


Electrolyte. U 
Acetic acid. , : 4 : = te 
Propionic acid . ; : : : 183 
Butyric acid. ; ‘ } : 427 
Phosphoric acid ; ‘ . i 2103 
Hydrofluoric acid . : : : 3200 


the electrolytes given in the preceding table: the figures refer to a 
temp. of 21°5°. 

At higher temperatures U increases, i.e. the specific heat of the 
electrically neutral molecules is greater than that of the free ions ; the 
heat of dissociation of acetic acid at higher temperatures is positive. 

In this way, therefore, it is also found that the dissociation of a 
substance into its ions is usually attended with a development of heat. 

The value for hydrofluoric acid agrees well with the value 2570, 
found on p. 611, especially when we consider that the latter value 
could only be roughly estimated. 

A stricter calculation shows that the coincidence between the heats 
of dissociation calculated from the conductivities, with the thermo- | 
chemical measurements of Thomsen, is excellent; this is shown by | 
the following results, which are calculated according to the more | 

1 From the results of experiments on the partition of benzoic acid between two 
solvents, Hendrixson (p. 496) calculates the heat of dissociation of this substance in 


benzene to be 8710 cal.—a relatively high value. 


2 Zeits. phys. Chem. 4. 96 (1889), 9. 339 (1892) ; see also Petersen, ibid. L1. 174 
(1893). vile 


i 


oh aN: 


y 
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_ exact formula of Arrhenius (p. 612); here x, the dissociation heat of 
_ water, is put at 13,210, and the values of W, W,, and W, are 
‘ ascertained from the conductivities. 


Acid. Obs. Cale. 
f / HC) 13,700 13,740 
! HBr 13,760 13,750 
. HNO, 13,810 . 13,680 
C,H,COOH 13,400 13,450 
HE 16,120 16,270 
The figures refer to the heat developed on neutralising the acid 
~ with sodium hydroxide, the concentration of acid and base being 
1 
=-7 normal. 
36 


4 _ Attention should be especially directed to the fact that the value of 
the heat of neutralisation does not stand in any direct relation to the strength 
_ of the acid. 'Thus propionic and hydrofluoric acid are both weak acids; 
yet the neutralisation heat of the former is smaller than, and that of 
the latter is greater than, the heat of neutralisation of either of the 
_ three strong acids, HCl, HBr, or HNO,. This shows, therefore, that 
_ we cannot detect any simple relation between the heat of dissociation 
_ of acids and their strength. Hence we cannot measure the affinity 
_ between an acid and a base by the quantity of heat developed when 
they neutralise each other, as has been so often wrongly proposed. 

7 If an electrolyte develops heat on ionisation, then its dissociation 
_ must diminish with rising temperature. If a solution of such an 
electrolyte is warmed, the number of conducting molecules is diminished, 
_ which tends to make its conductivity decrease. But, on the other hand, 
_ the conductivity increases considerably on account of the diminished 
ion friction, and as the latter influence preponderates, an increase of 
the conductivity of aqueous solutions with rising temperature is almost 
_always observed. 

It was Arrhenius who, guided by these considerations, first dis- 
_ covered those electrolytes, where, conversely, the restraining influence 
of the diminishing ionisation preponderates. Thus phosphoric and 
_ hypophosphorous acid, at the respective temperatures of 54° and 75°, 
' show maxima of conductivity, and_above these respective temperatures 
have negative temperature coefficients. No one before this had 

suspected the existence of such electrolytes. 


_ Electrolytic Dissociation of the Solvent.—We found on 
|p. 518, for the dissociation of water, 


Se 
Ke ¢,"; 
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whence the heat of dissociation is 


In this equation U is known (p. 610), so that the temperature 


coefficient of the dissociation can be calculated. Since the temperature 


coefficient of the ionic friction is also known, that of the conductivity 
may be arrived at theoretically, and Kohlrausch and Heydweiller ' 
calculated it as 5°817/ at 18°; this is unusually large, because in this 
case increase in ionic mobility is associated with a rapid rise of dissoci- 
ation with temperature. These observers found that with increased 
purity the temperature coefficient increased from 2°47/, as shown by 
ordinarily “pure water,” to a maximum of 5°327/. The theoretical 
temperature coefficient is thus nearly, but not quite reached, so that 
the most completely purified water is probably not quite pure. The 
authors mentioned estimated the remaining trace of impurity from the 
difference between the observed and theoretical temperature coefficient, 
and in this way obtained a fairly accurate value for the dissociation 
of water. They found at 

£0" 7 10°. 18° 84° ee 

¢,=0°35 056 0:80 147 2:48; 


where c, is the amount in mols dissociated in 10,000,000 litres. 


Production of Endothermic Compounds at High Tempera- 
tures.—The equation of the reaction isochore teaches us that the 
dissociation of a compound increases with rising temperature when it 
takes place with absorption of heat, or, which is the same thing, when 
the compound is exothermic, z.e. is formed from its components with 
formation of heat. Conversely, an endothermic compound becomes 
more stable as the temperature rises, and when, like hydrogen peroxide, | 
the substance in question is practically completely dissociated into its | 
components (water and oxygen) at ordinary temperatures, it becomes 
the more stable the higher the temperature (provided, of course, that 
the heat of reaction does not change its sign at high temperatures). — 
This explains why noticeable quantities of hydrogen peroxide are 
present in the oxyhydrogen flame, as M. Traube (1885) showed; it | 
also explains the formation of nitric oxide in air heated to a high | 
temperature, and of ozone in strongly heated oxygen, ete. | 

The equation of the reaction isochore may be applied in the most | 
complete manner to the case of nitric oxide ;? the following table | 
gives the percentage (by volume) x of nitric oxide formed in air at. 
the corresponding absolute temperatures. The values given in the 


1 Wied. Ann. 58. 209 (1894). 
2 Nernst, Zeitschr. anorg. Chem. 49. 2138 (1906). 
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_ third column are calculated thermodynamically from the assumption 
_ that the reaction 


N, + 0, = 2NO 
takes place with the (constant) absorption of heat of 43,200 cal. 

: hs x (obs.). x (cale.). 

; | 

‘ 1811 0°37 | 0°35 

t 1877 0-42 0-43 

F 2023 Between 0°52 and 0°80 0°64 

§ . 2033 0-64 0°67 
2195 - 0:97 @ 0°98 
2580 2°05 2°02 
2675 2°23 2°35 


Cases like these are examples of the phenomenon of apparent stability 
at low temperatures, because the substance in question only decomposes 
_ very slowly. Thus nitric oxide can be kept for any length of time at 
room temperature, although at equilibrium it would be practically 
completely decomposed. At very high temperatures, on the other 

hand, where equilibrium is attained very rapidly, we enter on a range 
of true stability. 


_ shows that specific heats only alter very slowly with the temperature, 

' so that we can express them accurately by a formula such as 
¢=c,+al +bT?+ 

¢, is therefore the specific heat at very low temperatures. Now as 

_ (p. 599) the alteration of the heat of reaction with the temperature is 


_ determined by the specific heats of the substances ae part in the 
reaction, we can also assume 


U=U,+aT + BT? + yT? + 
where U, is the heat of reaction near absolute zero. By substitut- 


ing in the equation of the reaction isochore U = cineeees and 
integrating, we find 
pre B yee 
ioe nT ee hes ee | 


where I is the integration constant. 

The right-hand side of this equation contains—beside the integra- 
tion constant—only purely thermal magnitudes (heat of reaction, 
" specific heats and their temperature coefficients). 

We shall make frequent application of the above equation further 
on; it may be pointed out here that Gibbs, Le Chatelier, and in more 
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recent times, especially Haber in his excellent work Thermodynamuk 
technischer Gasreaktionen (Miinchen, 1905), have made frequent use of 
the general form of the integrated équation of the reaction isochore. 


The Law of the Mutuality (Vertretbarkeit) of Phases.—J/f two 
phases, respecting a certain definite reaction, at a certain temperature, are 
in equilibrium with a third phase, then at the same temperature and respecting 
the same reaction, they are in equilibrium with each other. 

This law, which explains itself, is an immediate conclusion from 
the considerations advanced on p. 618. It also follows necessarily 
from the law (p. 16) that it is not possible to construct an apparatus 
which can yield continuous external work when kept at a constant 
temperature. 

For if two phases, A and B, were in equilibrium with a third, ©, 
but not with each other, then in a combination arranged as follows, 


C 
ANB, 


there would occur at first a displacement between A and B, which 
would disturb the equilibrium with C. Hence at constant tempera- 
ture the respective reactions between A and B, B and C, and C and 
A, would take place continuously, without ever establishing an 
equilibrium. 


We have already made repeated applications of this law (pp. 132, 137, 
495) which clearly illustrate its fruitfulness. 

If we consider, ¢g., a reaction such as the removal of water from different — 
phases, then the preceding law teaches that two liquid or solid phases which 
are in equilibrium with water-vapour of the same pressure, must also be in 
equilibrium with each other. 

If we treat a liquid with a solid salt, then the latter will absorb more 
water the smaller the dissociation pressure of its water-of-crystallisation || 
(p. 478). This observation gives us the theory of the method of drying. 

If we have once investigated the equilibrium between water vapour and | 
ether containing water, then conversely the determination of the quantity 
of wafer taken up by shaking a salt hydrate with ether will give the |) 
dissociation pressure of the salt, as was shown by Linebarger.) _ ie 

The identity of the law of the relative depression of the solubility |) 
(p. 145), with the law of the relative depression of the vapour pressure, is |) 
also an immediate deduction from the preceding principle. 

According to p. 479, the product of the partial pressures of ammonia 
and hydrochloric acid over sal-ammoniac is constant ; according to the above 
law the product must be the same over a saturated solution of sal-ammoniac. | 
Since, however, free ammonia is present in the solution, in consequence of |) 
hydrolysis, but hardly any free undissociated hydrochloric acid, the partial | 
pressure of the ammonia is greater than that of the hydrochloric acid, so |) 
that on evaporation the distillate is alkaline, the residue acid. 


1 Zeits. phys. Chem. 18. 500 (1894). 
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Influence of the Extent of a Phase.—A general law was 
stated on p. 472, and has been applied since, that equilibrium in 
heterogeneous systems is independent of the extent of the phases, e.g. 
the vapour pressure of a liquid is independent of the amount of liquid, 
the solubility of a solid independent of the amount of solid.. A simple 
thermodynamic consideration shows, however, that this is only true 
_ when the extent of the phase does not fall below a certain minimum. 
If from a given heterogeneous system we allow unit mass of a 
_ phase to disappear, by means of a change in pressure, a certain 
_ amount of work A, can be performed by the system. If now we first 
_ suppose this unit mass divided into n equal parts, separate in space, 
' and that to perform this separation requires A, of work, then we 
- must have 


Oe et 


_ where A’ is the work done when the unit of mass disappears in n 
portions. 

So long as the subdivision is not carried too far, A, remains in- 
_ finitesimal, so that the law as originally stated is true ; but as soon as 
_ the work of subdivision becomes appreciable, A’ differs from A, and 
| therefore the active mass of the phase is changed; for the modified 
| equilibrium we have simply 

A=RTInK=RTInk’ -A,, 


here K’ is the new reaction constant; the latter may be calculated 
yhen A, is known. 

This can easily be found for a liquid from the surface tension ; 
‘in this case the equation becomes identical with the formula given 
“by Lord Kelvin in 1870 for the increase of the vapour pressure of 
ery small drops. 

The work of subdivision for solids is unknown ; but G. A. Hulett ! 
wed experimentally that very fine powder is ‘more soluble than 
rge crystals; ¢g. barium sulphate, ground into powder of about 
0-° cm. diameter, is nearly twice as soluble as larger crystals of the 
me salt. This is a fact of the highest importance for the theory of 
pontaneous crystallisation (p. 243). 


| "he Influence of the Temperature, and of the Pressure, 
pon the State of Chemical Equilibrium.—1. Up to now we 

e only employed our fundamental thermo-chemical formula, 

din K~ 1): 

dt ee Rr 

calculate, from the displacement of a chemical equilibrium, the heat 

f reaction which is associated with the reaction, the equilibrium of 

hich we are investigating. Conversely, we can, of course, estimate 


1 Zeitschr, phys. Chem. 3'7. 385 (1901). 


as 


a 
6 ‘ , 
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the influence of temperature from the heat of reaction, and thus 
obtain the following law :— 

If we heat a chemical system, at constant volume, a displacement of 
equilibrium occurs in the direction in. which the reaction takes place with 
absorption of heat. 

For if U > 0, K decreases with increase of temperature, 7.e. the 
equilibrium is displaced on increase of temperature in the sense of 
the chemical equation from right to left, 7.e. in the sense in which 
the reaction proceeds with absorption of heat. 

Of course, the preceding formula really only proves this law for 
those systems for which it is strictly valid, namely for equilibria in 
gases or dilute solutions. But we have already seen that the law can 
be applied to condensed systems (p. 641). Thus at is wniversally valid. 

Those chemical forces which cause a development of heat, will 
always be weakened by an increase of temperature; and conversely, 
those which cause an absorption of heat will be strengthened by a 
rise in temperature; and it is this fact which makes the above law 
universally valid. 

This law, which van’t Hoff called the “ principle of mobile equili- 
brium” (principe de Véquilibre mobile), is of the greatest assistance. 
Thus it shows us at once that, ¢g., the pressure of a gas, the vapour 
pressure, the degree of dissociation, etc., must each and all increase 
with the temperature; because the expansion of gases, évaporation, 
and the decomposition of complex molecules into more simple ones, all 
take place with absorption of heat. 

The transformation of acetic acid and alcohol into water and 
ester is unaccompanied by any noticeable evolution of heat (p. 608), 


and therefore the state of equilibrium between these substances is © 


independent of the temperature (p. 457). ; 

Substances formed with absorption of heat, such as ozone, acetylene, 
hydrogen peroxide, which are unstable in high concentration at 
ordinary temperature, must become more stable at high temperatures. 

2. Completely parallel with the preceding law is one which 
concerns the influence of pressure upon a chemical equilibrium :— 


If we compress a chemical system at constant temperature, a displacement 
of equilibrium takes place in the direction which is associated with a diminu- — 


tion of volume. 


5 ae ‘ é 
This proposition can be easily derived for gaseous systems, from — 


the law of mass-action (see p. 450). It holds good, however, uni- 
versally. 


The solubility of a salt in water, eg., will increase with the — 


pressure, when it takes place with a contraction of the solution plus the 

salt ; and conversely, the solubility will decrease if the separation of | 

the salt is associated with a diminution of the volume of the system.) | 
Those chemical forces, in fact, which cause a diminution in volume | 


1 F. Braun, Wied. Ann. 80. 250 (1887) ; Zeitschr. phys. Chem. 1. 259 (1887). 
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are strengthened by compression ; and those which cause an increase in 
volume are weakened by compression. 


The influence of pressure on equilibrium in dilute solution is obtained 
as follows. If dy mols of a reaction mixture are converted, the work 
dv RT In K is done (p. 657); if the mixture is at pressure p, and suffers a 

change in volume dy, the work pdv is performed. Hence 


dA=RTInK.dv+pdv; 
but this equation is of the form 
dA =§,dw, + ®,dw, [T const. ], 
so that, according to p. 26, 
OR, _ OR 
ow, om,’ 
or in the special case considered, 
ORTIn K _ op 


ov Thove 


or 


whence V, is the change in volume due to conversion of one mol. 
This equation, in a slightly different form, was first obtained by Planck 

_ (Wied. Ann. 32. 491, 1887). 

Fanjung! applied this equation to the influence of pressure on the 
dissociation of weak acids. He found the dissociation constant under 
different pressures by means of the conductivity, and found, eg., for acetic 
acid, 

Py= atm. log?K,=0-254—5, 


Po= 260 atm. log! K, =0°305 — 5. 


Since K and p vary proportionally within wide limits we have 


10 —Taorld 
j din K _ o.s09 18 K, — log a 
4 dp Po Py 
and 
3 254 
Vp= — 0°0821 (273 + 18) ee — 0:0108. 


Since p is expressed in atmos. and R (=0-0821) in litre-atmospheres, 
we get V, in litres; «¢. when the ions of acetic acid combine to form 
eaecec ted molecules there is a decrease in volume of 10°8 cc. per mol ; 
- according to p. 385, the molecular volume of acetic acid when ionised is 40°5, 
and when undissociated 51-1, an increase of 10°6 ec. This is as good an 
agreement as could possibly be jexpected ; Fanjung found equally good results 
+ for the other acids studied. 

. As electrolytic dissociation always, so far as known, involves contraction, 


ee eee 


q u Beitscter phys. Chen. 14, 673 (1894). 
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the dissociation must, as with acetic acid, always be favoured by increase of 
pressure. 


The formula 


can be more simply derived by first investigating the influence of pressure 
on the partition coefficient between compressed and uncompressed solvents, 
and then arriving at the influence of pressure on the chemical equilibrium 
by means of the theorem developed on p. 503. 

If the solution of the substance in question is unaccompanied by any 
alteration in volume, the above considerations show that the partition 
between compressed and uncompressed solvents would not alter. 


3. It is possible, following Le Chatelier,! to unite the two preceding 
laws in the following principle :— 

Every change of one of the factors of an equilibrium occasions a rearrange- 
ment of the system in such a direction that the factor in question experiences 
a change in a sense opposite to the original change. 

This reminds us of the mechanical principle of ACTION and 
REACTION. ; 


Effect of non-uniform Pressure.—So far we have always assumed 
that the external pressure (as measured by a manometer) is the same 
in all parts of the chemical system. Le Chatelier? has considered the 
interesting case of a fluid or a solid compressed by a piston that is not 
gas tight, so that one phase of the system may have quite a different 
pressure to a second phase in contact and equilibrium with it. The 
thermodynamic treatment of this case also can be carried out exactly. 


If dv mols of a solid or liquid of vapour pressure 7 are distilled 
isothermally into a phase of pressure 7), the work 


RT In ~. dy 


™ 


is gained ; if at the same time the system which is under pressure p contracts 
by dv, the external work pdv is done; so that 


dA =RTIn~ dv — pav; 
vg 

0 
and ason p. 675 we find 


ORT ln + op 
ar eg 
or 
RT or Ov 
7 ap ov? 


1 Kguilibres, p. 210. 


2 Zeitschr. phys. Ohem. 9. 335 (1892). See also the more complete treatment by 


E. Riecke, Gott. Nachr. (1894), No. 4. 


ES 
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_ the percentage change which the vapour pressure suffers as a consequence of 
a the external pressure is therefore 


Bp Ra? 
ov : a 5 . 
where by ap Vo is meant the increase in volume of the solid or liquid on 


evaporation of one mol, and is naturally always negative. Thus for ice 
V,=—1965 ec.; RT=22,4290 ce if p is reckoned in atmospheres. 


7 , : : ; 
Hence — for an increase of pressure of one atmosphere is 000088, 7.¢. the 
T 


vapour pressure of ice is increased by pressure to the extent of 0:088 7/ per 
atm. This is, moreover, equal to the fall in vapour pressure produced by 
an equal osmotic pressure in the interior of a liquid. Similar considerations 
show that the solubility of solid is increased if whilst it is in contact with 
the solvent it is compressed by a sieve-like arrangement. Also a consideration 
of the-diagram Fig. 15 (p. 137) shows at once that compression of ice (or 
other solid) must lower its melting-point by an easily calculable amount if 
it is in contact with the uncompressed liquid; for the melting-point under 
these conditions is obviously the point at which solid and liquid have the 
same vapour pressure. 

It is well known that ice can be cut by pressing a wire through it. 
The solidification of moist precipitated powders by pressure is another 
phenomenon that falls into this category. 


Thermodynamic Potential.—If we consider two phases incontact, 
work can be performed if one increases at the cost of the other ; if the 
volume increases by dv, work is done to the extent pdv where p is the 
| pressure on both phases. On the other hand, components of the one 
| phase may pass over into the other, and the transference of dv mols 
| of a component of the first phase involves an amount of work (pu, — p) 
| dy, where pu, and p, are proportional factors peculiar to the phases and 
~ components in question. We find therefore that 


dA = pdv — 2(j, — wy)dv (T const.) . : aad Hl) 


_ where the sum is to be taken for all the components. The reason for 
|| the negative sign of dy is that we understand by v the amount of the 
_ given component in the first phase, and this, after the reaction, becomes 
y—dy. 
(#4 — a) is called, after’ Gibbs, the difference in thermodynamic 
_ potential for the given component ; p, and p, are therefore the thermo- 
dynamic potentials of the component in the two phases. 

; For equilibrium according to p. 28, 


SO YORI ain ae ana ©) 


| for all possible isothermal changes consistent with the conditions of the 
' system, If the system is kept at constant volume 


, “8A = = (oy — p)8y, 
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and since this relation must hold for all the (infinitesimal) variations 
dv, it follows that 

a= fio, fee = yp detene : : :# (3) 
ie. if two phases maintained at constant temperature and volume are to be 
in equilibrium, the thermodynamic potential of each component must be 
identical in the two phases. 


Example—If a molecular species in the gaseous state or in dilute 


: * 
solution changes in concentration from ¢ to ¢), the work done is RT In 5 
0 


hence 
pdv =(RT In ¢ — A)dy, 
where 
A=RT In ¢. 
Hence the thermodynamic potential of this molecular species is 
p=RTine= Ay) f 


For two coexistent phases in equilibrium, the equation 
RT Ine’ — A’=RT Inc’— A’, 
or 


Al AY 
a RT 


must hold good for every molecular species. Since, however, the expression 
on the right is constant for any given molecular species, at a given tem- 
perature, it follows that at equilibrium there must be a constant ratio of 
partition between the two phases ; this is the partition law (p. 491). 


In equilibrium the different states of aggregation have, according 
to the above, equal thermodynamic potentials (but not equal free 
energy). For further applications of the thermodynamic potential see 
the references on p. 615; it should be remarked, however, that the 
theory of thermodynamic potential is essentially equivalent to the 
thermodynamic treatment adopted in this book. 


So ee 
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CHAPTER IV 
THERMO-CHEMISTRY IV 


TEMPERATURE AND THE REACTION VELOCITY 


The Acceleration of Chemical Reactions by Means of an 
Elevation of the Temperature.—In the last two chapters we have 
sought to formulate the influence of the temperature upon chemical 
equilibrium, but in this chapter we return again to chemical kinetics. 

In the last chapter of the preceding book, we became acquainted 


with the equations which enable us to calculate the course of reactions 


which occur at constant temperature, and the influence of temperature 
must therefore be capable of expression in the numerical values of the 
velocity-coefficients. 

The problem we have to solve is the discovery of the nature of these 
temperature functions. 

The following result has been empirically obtained :— 

All experimental measurement has shown that the velocity with which 
a chemical system strwes to reach its state of equilibrium, increases enormously 


| with the temperature. 


This appears to be a universal phenomenon; its importance for 
the course of chemical change, and its significance for the so-called 
“stormy reactions” (detonations, explosions, etc.) is at once evident. 

As an example of the law we will give the figures obtained for 
the velocities with which cane-sugar is inverted (p. 553) at the temperatures 


t, the other conditions being unchanged :— 


t. Inversion Coefficient. 
25- 9°67 

40 73°4 

45 139 

50 268 

55 491 
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A rise in temperature of only 30° is sufficient to increase the re- 


action velocity fifty-fold ; and the increase is similarly rapid in many  |f} 


other cases which have been investigated.1 
It is very easy, from the standpoint of the molecular theory, to 


account for the fact that substances react much more quickly in © 


homogeneous, gaseous, or liquid systems, the higher the temperature — 


rises, because the activity of the heat movement, and therefore also | 


the relative number of the collisions of the reacting substances, 
increases with the temperature. But when we consider that the 


velocity of the molecular movement in gases—and in all probability jj 
in liquids also—is proportional to the square root of the absolute — 
temperature, and also that at room temperature it increases by only | 


about + of one per cent per degree, a difficulty at once arises. But if 
it is assumed, as H. Goldschmidt? has shown, that only those mole- 
cules react whose velocity exceeds a certain high value, then the very 
great influence of temperature can be explained kinetically. 

When we consider various systems at the same temperature we 
find the greatest conceivable divergences of reaction velocity. 

Thus, e.g., while on the neutralisation of a base by an acid the 
reacting ingredients unite so quickly that we have not yet been able 
to estimate the reaction velocity, yet, on the other hand, hydrogen 
and oxygen react so extraordinarily slowly at ordinary temperatures, 
that for this reason it has thus far been impossible to measure 
the velocity. It is only by a depression of the temperature in the 
former case, and an elevation of temperature in the latter case, that it 
is sometimes possible to change the experimental conditions in a way 
favourable for observation. 


Non-reversible Decomposition.—The relations prevailing here 
are of the greatest importance for the problem of the determination of 
chemical equilibrium. Such a problem can of course be studied only 
when the progress of the reaction in question is sufficiently rapid to 
allow the equilibrium to be established in observable time. When 
this is not the case, then we must work at higher temperatures; and 
when we have carried out the measurement at two different tempera- 
tures, we can calculate the equilibrium for those lower temperatures 
for which a direct observation is impossible by means of the thermo- 
dynamic principles given in the two preceding chapters. 

Sometimes even this method is debarred ; as, ¢.g., when the reaction 
velocity does not become sufficiently great until such temperatures are 
reached that the equilibrium has already been displaced so very much 
towards one side or the other, as to make measurement impossible. 


An example of this is the direct formation of ammonia from nitrogen | 


1 A rise of 10° usually doubles or trebles the velocity of reaction ; see the collection 
of data in van’t Hoff, Chem. Dynamik, p. 225, 
2 Physik. Zeitschr. 10, 206 (1909). 


1g | el Fi 


CHAP. IV TEMPERATURE AND THE REACTION VELOCITY 681 


an hydrogen. At lower temperatures neither do hydrogen and 
nitrogen react upon each other, nor does ammonia decompose into 
nitrogen and hydrogen, at least in observable intervals of time. At 
high temperatures, such as those produced by the electric spark, 
ammonia decomposes practically completely ; and a determination of 
the real equilibrium between ammonia and its decomposition products 
has only been possible in recent times, at a mean temperature of about 
1000°. 

The fact that the reaction velocity in chemical systems is usually 
extraordinarily small, no matter how far removed the system is from 
equilibrium, is of the very greatest importance for our knowledge of 
chemical compounds. ‘The greater part of all organic compounds would 
never have seen the light of day, if they had changed over to their 
stable conditions with great velocity. The many polymeric hydro- 
carbons of the formula C,H, could not all exist at the same time if 
they all tended to go at once to the system of greatest stability 
corresponding to the formula C,H,. The fact that, in the sense of 
the preceding, organic chemistry is peculiarly the region of unstable com- 


| pounds, which change over into more stable forms either extra- 


ordinarily slowly or not at all in measurable time, finds its explanation 
in the inertia of the carbon union (p. 289). 

Those chemical systems which’ are far removed from the stable 
form usually change with an increase of temperature, when this 
sufficiently increases the velocity with which they tend to reach 
equilibrium. Thus consider the innumerable decompositions, char- 
rings, detonations, etc., of organic compounds on heating, or consider 
the combustibility of many compounds in oxygen, etc. In most of 
these cases heat only accelerates a reaction—whether a decomposition 
or a union—which would really take place spontaneously, though 
perhaps only after thousands of years. 

When the change is once completed by heating, then, of course, 
| it cannot be made reversible by cooling, because the system is in a 
_ more stable condition after cooling than before. 

In this way we can explain the existence of the many non-reversible 


_ reactions: these, and also many of the reactions which take place in only one 
|| direction, are essentially different from the real dissociation phenomena. 


This accounts for the fact that until very recently the real nature 


| of chemical equilibria escaped the attention of the chemist, and that in 


his estimation of the nature of chemical processes he was too largely 
' guided by the phenomena of non-reversible processes. Just as the 
_ physicist could not have studied successfully the laws of the so-called 


|| “physical reactions” of changes of state by means of under-cooled 
vapours or liquids, so it is impossible to study the laws of chemical 


- processes by starting out with the investigation of non-reversible 


|| decompositions, and ¢.g. to obtain an insight into dissociation pheno- 


' mena by the investigation of explosives. 
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The Application of Thermodynamics.—Strictly speaking, the 
doctrines of thermodynamics have nothing to teach regarding the 
velocity of a process; because the velocity always depends, not only 
upon the driving force, but also upon the magnitude and the nature of 
the friction, which lie wholly beyond the domain of thermodynamics. 
Nevertheless, a few theoretical conclusions on the dependence of 
reaction velocity on temperature may be drawn from the much- 
discussed formula which has already done such good service :— 

din Keron 
SE eae he 

When we recall the meaning of K in the sense of the theory of 
Guldberg and Waage (p. 446), namely that it is the ratio of the 
velocity coefficients of the mutually opposed reactions, the difference 
between which conditions the total reaction velocity, 
we arrive, in the first place, at the result that when U=0, then K is 
independent of the temperature, and k and k’ represent the same tempera- 
ture function. Thus, e.g., the velocity with which alcohol and acetic 
acid unite to form water and an ester increases in exactly the same 
way as the velocity with which the ester and water unite to form 
acetic acid and an alcohol. ; 

The equation 


k 
eT ate 
rd es EU 
can be expressed in the two more general forms 
dink A ae 
aps tar hea ei 
and 
dink’ , A’ 
Tienes 
Here : 
: U 
A’-A= R? 


and B may be an arbitrary temperature function. But van’t Hoff? 
finds that in many cases 
B=, 

because usually the coefficient k of the reaction velocity can be 
expressed by the equation 

dink A 

ra Oates ives 
1 Btudes, p. 114. 
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which, on integration, becomes 


A 
Ink= - T + C, 
where C is a constant (not a temperature function). From this equa- 
tion k can be calculated with excellent results, by a suitable choice 
of the values for A and C. The expression resembles the interpolation 


formula, which was used to represent the vapour pressure curve, and 


altogether the enormous increase of reaction velocity reminds us of 
the increase of vapour pressure with the temperature. 

If U is not assumed constant, but changes with the temperature, 
the above expression can be extended to 


Ink= Bee gepr 
Ah 
At high temperatures the influence of the first member on the right- 
hand side gradually vanishes, while that of the last becomes greater 
and greater. 


Since chemical equilibrium is established apericdically, we are concerned 
with a process of the same kind as the movement of a particle under great 
friction (p. 14), the displacement of ions in a solvent (p. 363), or the diffusion 
of dissolved substances (p, 368). In all these cases the velocity of the process 
is at each instant directly proportional to the driving forces, and inversely 
to the frictional resistance ; so that we conclude that an equation of the form 


chemical force 
chemical resistance 


velocity of reaction = 


similar to Ohm’s law must hold. The “chemical force” at any moment 
may he derived from the change in free energy ; of the chemical resistance 
we know little, but it is not impossible that it may be measured directly. In 
that case the problem of calculating absolute chemical velocities of reaction 
would be solved in a similar way to that of calculating the rate of diffusion 
of electrolytes in absolute measure (p. 370). 

According to all experience the chemical resistance increases rapidly with 
fall of temperature, and becomes infinitely great at the absolute zero (in 
accordance with kinetic views). At the absolute zero, therefore, all chemical 


reaction would cease, since the denominator of the above fraction is infinite. 


The velocity of reaction in heterogeneous systems is zero at the transition 
point, because then the chemical force is nil, With fall of temperature it 
must first increase because the numerator of the above fraction (chemical 
force) increases with: the distance’ from the temperature of equilibrium. 
When the temperature is sufficiently lowered, however, it decreases on 


| account of the enormous increase in the denominator of the above fraction. 


Examples of such behaviour are to be found in the researches on velocity of 


| crystallisation (p. 588) and those of E. Cohen on velocity of transition. 


; 1 Zeitschr. f. Elektrochenvie, 6. 85 (1899). 
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Explosions and Combustions.—The great influence of tempera- 
ture upon the velocity of a chemical change, teaches us, in the first 
place, that care must be taken in measuring the course of a reaction 
to maintain the system at a constant temperature, which can be 
accurately measured. This can be most easily accomplished by 
putting the system in a thermostat. 

But it is not usually possible to avoid heating or cooling taking 
place, on account of the heat of reaction associated with the chemical 
change ; as when the change takes place with a velocity too great for 
an equalisation of the temperature of its surroundings to follow. The 
quantitative investigation of such a process offers very considerable 
difficulties. 


Reactions with Development of Heat.—Let us first consider the 
case where the reaction progresses in the sense which is associated 
with the development of heat. 'The progress of the reaction causes an 
elevation of temperature, which accelerates the velocity. But this 
accelerated velocity means a quicker decomposition, and therefore in 
turn causes an increased development of heat, which again reacts to 
hasten the decomposition. Thus it is evident how a very extraordinary 
acceleration of the reaction velocity may take place under favourable 
circumstances. In this way we can explain the “stormy reactions.” 
It will be found that these are invariably associated with a development 
of heat. 

The reaction velocity in many systems at the ordinary temperature 
is very slight, and perhaps may have no appreciable value. In such 
cases the mutual acceleration of the reaction velocity and the develop- 
ment of heat does not come into play, because the slight amount of 
heat developed is conducted away to the environment before any 
perceptible rise in temperature occurs. 

Thus, ¢.g., this is the case with electrolytic gas; doubtless a mutual 
reaction and a corresponding development of heat takes place between 
oxygen and hydrogen at all times, but as this occurs extraordinarily 
slowly at ordinary temperatures, it reaches no appreciable amount, 
and in consequence the temperature of the electrolytic gas mixture 
does not rise perceptibly above its surroundings. But it is quite 
otherwise at 530° to 600°; here the reaction velocity reaches a 
magnitude sufficient to cause such a lively development of heat that 
the union of the two gases is enormously accelerated, and this results 
in a combustion’ or explosion of the system. 

Now, it is by no means necessary to bring the whole system to a 
temperature at which the reaction velocity is sufficiently great; to 
ignite the gases it is only necessary to heat them locally to a certain 
extent, as can be done by means of the electric spark. 

Let us consider again for the sake of simplicity a homogeneous 
system, such as an electrolytic gas mixture; then in every case, at 
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that point where the temperature reaches a sufficient limit, the reaction 
between the two gases will progress more quickly, and therefore the 
temperature of the point will rise. One of two events will then 
happen : 

Hither, the heat developed will be taken away from the environ- 
ment of the point by radiation and conduction more quickly than it 
can be generated anew, and therefore after a short time the tempera- 
ture will sink, and the reaction velocity will again return to a minimal 
value ; 

Or, the heat developed at the point considered will be sufficiently 
great to heat the surroundings to a temperature of lively activity ; in 
this case the high temperature causes the rapid reaction between the 
gases to spread over the whole system, and a combustion takes place, 
resulting in the almost complete union of all the gases in the system 
which are capable of reaction. 

That temperature, to which a point of the system must be heated 
in order to cause combustion, is called the “ignition temperature.” 
It is obvious from the preceding considerations that its value depends 
on a large number of factors, such as the heat of the reaction, the 
thermal conductivity, the capacity for diffusion possessed by the gas, 
and the dependence of the reaction velocity upon the temperature ; 
it will also vary, especially with the temperature of the surroundings, 
and with the pressure of the system. 

Thus, the ignition temperature has quite a secondary nature ; it 
is clear that it cannot be described as the point where the mutual 
action of the gases begins. This would be as absurd as to say that 
the boiling-point of a liquid was the point where vaporisation begins. 

All of these considerations may be applied to explosions in hetero- 
geneous systems, as the ignition of gunpowder and the like. 


Reactions with Absorption of Heat.—But the relations are 
entirely different in those cases where the progress of the reaction is 
associated with an absorption of heat, i.e. with a cooling down. Here 
the temperature sinks during the course of the reaction, and the 
chemical change is the more retarded the quicker it takes place. 

The phenomenon of a retardation occasioned by the chemical 
change itself may be observed in the process of evaporation, which 


process is associated with a strong absorption of heat; the cooling 


thus brought about causes the vapour pressure to fall very rapidly. 
The reason why gunpowder is an explosive substance, while solid 
carbon dioxide is not, in spite of the fact that both are capable of the 
same reaction, viz. conversion into gaseous products, is that in the first 
case, when the reaction has once been started, it spreads and accelerates 


itself on account of the lively development of heat ; but in the second 


1 Actually v. Meyer and Freyer found that an exact Biante of the tempera- 


~ ture of ignition is not possible (Ber. deutsch. chem. Ges. 25. 622, 1892). Another way, 


ve which is free from these sources of error, will be described below. 
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case, on the other hand, the cooling which takes place brings the 
action to a standstill almost immediately. 


The Reaction Capacity of Gases.—The considerations advanced 
in the preceding section will be applied to gaseous systems in some 
further respects. It is a striking fact that many gases which are able 
to combine with each other with a lively development of heat—as 
oxygen and hydrogen, carbon monoxide and chlorine—do neverthe- 
less approach so slowly to the state of equilibrium (which involves 
almost complete combination), that they may be regarded as chemically 
indifferent towards each other at ordinary temperatures. Yet, as has 
been repeatedly emphasised, there can be no doubt that a reaction 
does take place at ordinary temperatures, but the reaction velocity is 
so extremely slow that the amount changed in the lapse of years 
would be smaller than that produced in a fraction of a second by an 
elevation of a few hundred degrees. We can regard this as only 
another example of the enormous influence of temperature upon the 
reaction velocity. 

Now the phenomenon that the mutual action of gases can be 
brought to an almost complete standstill by cooling can be made use 
of to obtain an insight into the condition of equilibrium at higher 
temperatures. 

This fact was first applied by Deville (1863) in the construction 
of his ‘‘ cold-hot tubes ” (kalt-warmen Rohre) ; by means of this apparatus 
he succeeded in showing the decomposition of CO,, of SO,, and of 
HCl. The gases were conducted through an incandescent porcelain 
tube, through the axis of which passed a silver tube conducting a 
stream of cold water. As soon as the decomposition products pro- 
duced at the high temperatures diffused from the hot wall towards 
the middle of the porcelain tube, they were suddenly cooled by the 
silver tube, and thus a reunion to form the original compound was at 
any rate partially hindered. 


We can consider the dissociating action of strong electric sparks — 


in a similar way. A part of the gas is raised to a very high 
temperature, and thus is decomposed to a greater or less extent; then 
the decomposed products are partially separated from each other by 
diffusion, and are cooled before they can reunite with each other 
completely. 

In this way it is possible, as A. W. Hofmann! found, to demon- 
strate easily the dissociation of CO,, or of water vapour, by passing 
the gases through a glass-tube in which sparks are produced from a 
strong induction apparatus, strengthened by connection with the 
poles of a Leyden jar. Of course the decomposition cannot pass 
beyond a certain limit, for there would then occur the explosive 


| Sitzwngsber. der Berl. Akad., 1889, p. 188; Ber. deutsch. chem. Ges. 28, 3303 
1890). 
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reunion of the gaseous products of decomposition. Thus Hofmann 
and Buff (1860) observed that under suitably chosen conditions 
carbon dioxide, enclosed in a eudiometer, could be alternately decom- 
posed partially into carbon monoxide and oxygen, and again united 
with a weak explosion by means of a constant stream of sparks. 
_ Here the decomposition only goes on till the mixture becomes 
explosive, and then the decomposition products again unite by 
ignition, and the cycle begins afresh. 


Determination of Chemical Equilibrium in Gaseous Systems 
at High Temperatures.—The fact that in gaseous systems equili- 
brium is generally attained very slowly at low temperatures, and also 
usually lies so very much to one side (as in the case of the dissocia- 
tion of water vapour) that even when it is reached its determination 
is impracticable, forces the experimenter to carry out his investigations 
at high temperatures. The method described on p. 253 for the 
determination of molecular weight at high temperatures is often 
sufficient for a rough estimation of equilibrium; for more exact 
measurements the author has worked out in the last few years in 
conjunction with his pupils a number of methods which will now be 
described :— 


1. The Streaming Method.—Deville’s method, mentioned above, 
can be easily brought into a form suitable for quantitative investiga- 
tions by passing the gaseous mixture to be studied through a space 
kept at a constant high temperature and then analysing it. Certain 
precautions, however, must be taken. It will be most simple to 
consider the scheme shown in Fig. 44. The gas mixture is allowed 
to flow through a long tube. Between the points a and b the tube is 
kept at the temperature t, 
at which equilibrium is to o BeisiitG 
be studied; from b to c¢ ‘ 


the temperature is made to —>_— 

fall as quickly as possible, _ 

so that at the point c the t (aoe 
temperature t is so low that Fig. 44, 

the velocity of reaction 

has practically vanished. Now, in order that the gas leaving the tube 
shall have a composition corresponding to the equilibrium tempera- 
ture, the two following conditions must obviously be fulfilled: firstly, 
the distance ab must be long enough to give the gas time to reach 
equilibrium ; and secondly, the time cooling from b to c must be short 
enough to prevent any disturbance of this equilibrium. The first 
condition may be always theoretically fulfilled by making the length 
ab sufficiently great ; practically it is realised best by widening the 
tube between a and b. Another plan is to fill the space between a 
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and b with a catalysing agent, as Kinetsch ! did in his investigation on 
the formation of sulphur trioxide. The question whether the velocity 
of reaction is really high enough at the temperature t can always be 
solved by passing through the tube mixtures of compositions which 
first lie on one side and then on the other of the composition of the 
equilibrium mixture. The second condition can be best fulfilled by 
making be a narrow capillary in order to give the gas as high a 
velocity as possible, and to make the drop in temperature as sudden as 
possible. Of course the conductivity for heat of the material of the 
tube interferes with this, and it can be by no means concluded that 
this source of error is eliminated when the composition of the mixture 
leaving the apparatus is independent of the velocity of streaming. 
This follows from the fact 
that an infinitely high 
velocity of streaming by 
no means necessitates an 
infinitely rapid fall in tem- 
perature. Of course, cata 
lysing agents must be 
excluded as far as possible 
Temperature from be, 

It is especially import- 
ant to notice that at high 
temperatures, and correspondingly great reaction velocities, equilibrium 
is certainly reached in ab, and no less certainly disturbed in be. The 
gases leaving the tube have then the same composition whether the 
original mixture differed in one direction or the other from the equili- 
brium mixture, but at the same time the composition may be far from 
that at equilibrium. The above curve (Fig. 45) will illustrate this 
clearly ; the unbroken curve is the curve of equilibrium (for instance, the 
amount of knall gas formed by dissociation of water vapour), while the 
dotted curve represents experimental values. In general the effect of 
the above sources of error is to make the yield too small. If, however, 
ab is large compared to be, there will always be a region where 
correct values can be obtained. To the experimenter falls the task of 
finding this temperature interval T, to T,, which will evidently extend 
more to the left the greater ab is, and more to the right the quicker 
the cooling takes place. An extremely important indication that the 
right temperature interval has been found lies in the fact that in this 
region the tangents of the observed curve must coincide with those of the 
equilibrium curve, and, as the latter can be nearly always theoretically 
calculated from the heat of reaction of the process, we have a safe 
criterion for judging whether the observed values within a certain 
interval agree with the true values for the equilibrium. At lower 
temperatures, where the velocity of reaction is measurable, but too 

1 Ber. deutsch, chem. Ges. 34. 4069 (1901). 


Dissociation 


Fig. 45, 
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_ small for equilibrium to be attained (i.e. somewhere in the region of 
T,), we can calculate the equilibrium by measuring the velocities of 
the two opposing reactions, and then interpolating, graphically or 
otherwise, the concentrations at which the total velocity would be 
zero. (J. Sand.?) 


2. Explosion Method.— Exactly the same considerations apply 
to an apparently quite different kind of experiment. In an explosion, 
- a gaseous mixture is really under the same conditions as in the 
streaming method; it is brought to a high temperature and then 
quickly cooled. But it is only at the high temperature for a very 
short time, so the method is only applicable when the velocity of 
reaction is very high—that is, at such high temperatures that the 
preceding method fails. As a matter of fact, equilibrium is usually 
| disturbed during the cooling ; for instance, water is formed quantita- 
tively when knall gas is exploded in a eudiometer, although at the 
maximal temperature of the explosion water vapour is fairly strongly 
dissociated ; for the same reasons the experiments of different authors? 
on the distribution of oxygen between hydrogen and carbon monoxide, 
or of hydrogen between oxygen and chlorine, are useless for the 
calculation of equilibria, because we do not know to what temperature 
correspond the concentration ratios which are found in the eudiometer 
after combustion. From the amount of nitric oxide formed by 
explosion of knall gas in the presence of air at the absolute tempera- 
tures 2600 to 2700° the equilibrium of the reaction (cf. p. 671) 


N, + 0,=2NO 


can be calculated with apparent accuracy by application of the above 
principles. These are the highest temperatures at which equilibria 
have been satisfactorily measured. 


aS AI 


3. Caleulation of Chemical Equilibria from the Maximal 
_ Pressure of Explosions.—The maximal pressure of an explosion can 
be very accurately determined (p. 43), and as the attainment of 
equilibrium alters the evolution of heat and therefore indirectly the 
‘maximal pressure, observation of the latter allows the calculation of 
equilibrium. The maximal pressure is also directly influenced by an 
alteration of equilibrium when this. causes a change in the number of 
_ molecules. The extension of this method, which has only been applied 
_ to isolated cases hitherto,® would be of great value. 


1 Zeitschr. phys. Chem. 50. 465 (1904). For applications of these principles see 
Nernst, ‘‘ Bildung von Stickoxyd”’ (Zedtschr. anorg. Chem. 49. 213, 1906) ; Nernst and v. 
lin Wartenberg, ‘« Dissoziation von Wasserdampf und Kohlensiure ”’ (Zeitschr. anorg. Chem. 

56. 513, 1906). 
4 2 See for example Bunsen, Lieb. Ann. 85. 137 (1853) ; Horstmann, ibid. 190. 228 
|) (1878) ; Botsch, ibid. 210. 207 (1881) ; Schlegel, ibid. AAG. 133 (1884) ; Hantefeuille 
| and Margottet, Ann. chim. phys. [6] 20. 416 (1890). 

Rr 3 Nernst, Zeitschr. anorg. Chem. 45. 130 (1905). 
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4. Method of the heated Catalysing Agent.—At temperatures 
at which the velocity of reaction is still small in the space occupied by 
the gas, but large on the surface of a catalysing agent, it is obviously 
sufficient simply to heat the catalyst to a high temperature. This 
method, which was proposed by the author and worked out by 
Langmuir? is very simple when the catalysing agent, eg. a platinum 
wire, is electrically heated. In an atmosphere of water vapour a short 
time suffices to establish the concentration of knall gas, which 
corresponds to the temperature of the glowing platinum wire. The 
temperature is most simply calculated from the electrical resistance of 
the wire. 


5. Method of the Semipermeable Membrane. — A very exact 
method, first described by Lowenstein,” consists in using a membrane 
which is permeable only to one component of the equilibrium mixture. 
At present we only possess such membranes for hydrogen, which 
diffuses through palladium, platinum, and iridium. The kind of 
apparatus used for determining the dissociation of water vapour will 


To pump 


<n Ga ee 


Fig. 46. 


be made clear by the sketch, Fig. 46: A is a vessel made of palladium, 
platinum, or iridium—according to the temperature of the experiment, 
and is. placed inside an electric furnace. A capillary tube connects 
the vessel with a mercury pump, and a manometer. After it is 
evacuated and closed by a stopcock, water vapour is passed over it, 
and after a short time the pressure of hydrogen within the vessel 
corresponds to the dissociation of the water vapour at the temperature 
of the furnace. 


Dissociation of Water Vapour and Carbon Dioxide.—The 
methods which have just been described have been used among others 
for determining the dissociations of water vapour and carbon dioxide, 
which are of great importance from many points of view. 

The following table contains the results obtained: x is the degree 
of dissociation of water vapour at atmospheric pressure; the fourth 
column shows which method was used. The last column contains the 
name of the author and the place where the reference can be found. 


1 Journ. Amer. Chem. Soc. 28. 1857 (1906). 
2 Zeitschr. phys. Ohem. 54. 707 (1906). 
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Dissociation of Water Vapour. 
T 100 x obs. 100 x cale. | Method. | Observer. 
1300 0-0027 0°0029 4 Langmuir (p. 690) 
1397 0°0078 0-0084 1 Nernst and y. Wartenberg (p. 689) 
1480 0°0189 00185 uk 7 i Hs i | 
1500 0°0197 0°0221 4 Langmuir | 
1561 0-034 0°0368 1 Nernst and v, Wartenberg 
1705 0°102 07108 5 Lowenstein (p. 690) 
2155 1°18 1:18 5 v. Wartenberg (p. 691): 
2257 Wh 1a 5 p 33 “n 
2300 2°6 2°08 3 Nernst (p. 689) | 


The application of the law of mass-action to the equation 
2H,0 = 0, + 2H, 
gives the relation 
Ker = e,05" 
where ¢,, Cs, ¢,, are the concentrations of H,O, O,, H,, respectively. 
If there is no excess of any of the products of dissociation, and P is 
the total pressure, then 


2—2x be ox 

124 P= = 
2+x Q4+x Q+x 

= —— Co = -—S— e= oo 
u ees Z ee aes RA 


where x is the degree of dissociation corresponding to the pressure 
P and the temperature T. 
Hence 


IP xe 
RT (+x\(1-xy 
If we take for the specific heat of water ! 
C, = 5°61 + 0°000717T + 3:12. 10-7T? 
and for H, and O, 


K= 


Cy = 4°68 + 0:00026T 
then, according to p. 599, 
—U =114400 + 2°74T — 0:000637? - 


(taking — U as 115300 cal at T = 373). 
Tf we take 100x=3:02 x 10-° at T=1000°, 


6:24. 108 


then from the 


a equation of the integrated reaction isochore (p. 671) we obtain easily 


2P (100x)? T 
(2 +x) (1—x) 5 1000 
7138, 10- (T — 1000) — 0°685. 10-7 (T? — 10002). 
} u v. Wartenberg, Verhandl. d. d. physik. Ges. 8. 97 (1906). 


25030 


log g = 11:46 -—,— + + 2°38 log 


= 
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The numbers calculated from this equation agree as well as could be — 
expected with the observed values, as the above table shows; ae. the — | 
degrees of dissociation found by very different methods are in © 
excellent thermodynamical agreement. 
In a similar way the dissociation of carbon dioxide was determined. 
For this we have 
— U=135400 + 3°83T — 0:00588T? + 1:47 x 10-° T? 


and further 


3 
foe 2P (100x) 


29600 


= 15°48 — T 


fk 
rane ay + 2°93 log 700 
( 100 
— 0:001286 (T— 1000) + 1°61. 10-7 (T? — 1000?) 
In the following tables the degrees of dissociation (in percentages) 
of water vapour and carbon dioxide are caleulated for a series of 
(absolute) temperatures and pressures. 


WatER VAPOUR. 


T P=10 Atm. P=1 Atm. | P=0'1 Atm. P=0'01 Atm. 

i | 
1000 1°39 - 10-5 3°00 - 10-° 6°46 - 10> 1:39 - 10-4 
1500 || 1903 M0 2215 10 | are tone 0-108 
2000 | 0-273 0°588 1:26 2°70 
2500 | 1:98 3°98 8°16 16°6 

Carpon DIOXIDE. 

T P=10 Atm. P=1 Atm. F=0'1 Atm. P=0'01 Atm. 
1000 PpSER SOY 1°58 - 10-5 | 3°40 - 10 131 Le: 
1500 1°88 - 10-4 4:06 - 10-? 8°72 - 10-2 0°188 
2000 0°818 WOrArs 3°73 7°88 
2500 7°08 15°8 30°7 53 

1 


The following is a further control of these values : 


The equilibrium of the reaction 
CO + H,O = CO, + H, 


has been measured by Boudouard ! and more exactly by Hahn.? 
The equilibrium constant * 


K= 


was found, e.g., to be 1°6 at 1000°. 
2 Zeitschr. phys. Chem. 44, 513 (1908). 


1 Theses, Paris, 1901. 
° Here, as elsewhere, square brackets denote concentrations. 
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If the dissociation constants of water vapour and carbon dioxide 
are K, and K, respectively at the same temperature, and the degrees 
|. of dissociation x and y, then 
K,= [H,) [05] La x* og i ‘ (2) 

PEO 2a + x)2 


where v is the volume containing one mol of H,O, and accordingly 


]1-x 


[0,] es oe: [H,] = . [H,0] i 


Similarly for carbon dioxide we have 


2 3 
i more |. lg 
| [COP ~ av (l-y? 
| In the equilibrium denoted by equation (1), there must always be a 
| small amount of free O, present, which must be in equilibrium both 
with water vapour in the sense of equation (2), and with carbon 
dioxide in the sense of equation (3). If we refer equations (2) and 
| (3) to the system (1), and divide one into the other, then the oxygen 
_ concentrations, being equal, cancel out, and we obtain 

Kea Be _ ye -x)* 
Ree (ny) 
From the value of K at 1000°, (T = 1273) given above, we may calculate 
that at this temperature the dissociation of water vapour must be 0°73 
times that of carbon dioxide, which is in agreement with the above 
tables and formule. 

In practice, nearly all combustions result in the formation of water 
vapour and carbon dioxide as end products; the knowledge of the 
dissociation of these substances has therefore also great practical 
importance. As Le Chatelier+ has already shown, the influence of 

_ the dissociation of carbon dioxide is vanishingly small in the case of 
_ explosives and only perceptible in melting furnaces and in ordinary 
flames. We may add that the same is true of the explosion chamber 
of petrol engines, and further, that similar considerations apply to the 
dissociation of water vapour. Moreover, at fairly high temperatures 
and not too small pressures, the disturbing influence of the dissocia- 
tion may be entirely eliminated by the presence of a small excess of 
oxygen, according to the law of mass-action. 


Ignition of an Inflammable Mixture of Gases by Adiabatic 
Compression.—If we compress an inflammable mixture of gases, 
_ its temperature rises, according to the gas laws (p. 47); the velocity 
_ of reaction is thereby increased, and ignition ensues at the moment 
_ when the heat evolved by the reaction exceeds that lost by radiation. 


1 Zeitschr. phys. Ohem. 2. 782 (1888). 


oo aes te , a _ 
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If the compression takes place very quickly, we. nearly adiabatically, 
the temperature can be calculated from the magnitude of compression, 
and hence we can arrive at the ignition temperature of the mixture 
by measuring the compression necessary for ignition. As catalytic 
action of the walls of the vessel, etc., is prevented by this method, it 
is to be expected that exact values of the ignition temperature can be 
thus obtained. An investigation by G. Falk? at the suggestion of 
the author, has confirmed this expectation. The values obtained for 
mixtures of different composition are given in the following table :— 


| Mixture. E. Ign eon oe 
4H, +0, 893 48-2 
2H, +0, 819 36°9 
H,+0, 796 31°8 
A204 808 33°5 
H, +40, 849 39°8 


The pressures are referred to the original pressure of 1 atmosphere ; 
the influence of the latter is only small. The fact that the mixture 
H,+0,, (not 2H,+0O,) is most easily ignited is obviously explained 
by the primary formation of hydrogen peroxide. Emich? had already 
established ‘that this mixture needed the smallest electric spark to 
ignite it. 


Propagation of Combustion in an Inflammable Gaseous 
Mixture.—Recent investigations have shown that when the com- 
bustion of a gaseous mixture is started at one point, as by an electric 
spark, it can be continued in two very different ways. 

Slow combustion consists in the layer of gas first ignited passing 
on its heat by conduction to the next layer, and thus bringing the 
latter to the point of ignition; the rate of propagation depends, 
therefore, firstly on the amount of heat conducted, and secondly, 
on the velocity with which a moderately heated layer begins to react 
chemically, and so to bring itself to a high temperature, i.e. the 
rate depends in general on the change of reaction velocity with 
temperature.* 

Combustion may also be propagated in a second, entirely different 
way, depending on the phenomenon we have just discussed, that an 


1 Journ. Amer. Chem. Soc. 28. 1517 (1906). [These experiments have, however, 
been repeated by H. B. Dixon, who obtained no indication of a minimum ignition 
temperature for the mixture H,+ Op. ] 

2 , Monatshefte JS. Chemie, 18, 6 (1897). 

3 A constant slow combustion takes place in the middle of a Bunsen flame ; ; for the 
dicot of the latter see Haber, Techn. Gasreaktionen, p. 282 ff. 
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explosive mixture of gases can be ignited by strong compression, or— 
more correctly—by the resulting rise in temperature. The increase 
of pressure causes an increase in concentration, and therefore, 
according to the law of mass action, also an increase in reaction 
velocity. Hence it is extraordinarily favourable to the rate at which 
the heat of combustion is developed. We see, therefore, that a very 
powerful wave of compression produced in a gas can start as well as 
propagate the combustion, and moreover, with extraordinary great 
velocity. 

A compression wave of this kind is produced in a gaseous mixture 
brought to a very high temperature by combustion; it must travel 
considerably faster than the ordinary compression wave, because in 
the compressed (still unburnt) layer, ignition causes a very strong 
development of pressure, which, according to the theory of waves, 
must increase the rate of propagation. 

On the basis of these considerations can be calculated the absolute 
velocity of the explosion wave, but this will not be entered into more 
closely here. It is clear, however, that it must be considerably 
greater than the velocity of sound in the mass of gas (heated to a 
high temperature by the explosion). The measurements given below 
confirm this ; they show that the velocity of the explosion wave is one 
and a half to two times the velocity of sound at the temperature of 
j combustion. The processes taking place after ignition in a combustible 
gas contained in a long tube, can now be presented as follows: the 
first condition is that of slow combustion; the heat is conducted to 
\, the next layer of gas, and thus combustion is propagated at the rate of 
; but a few metres a second. As, however, a strong increase of pressure 
} is produced by the combustion, so at the same time the neighbouring, 
| still unburnt, layers are compressed ; this causes an increase in the 

reaction velocity, as has been already shown, and ignition takes place 

more rapidly. But the result of this is to cause the next layers to be 

still more strongly compressed, and in this way we can see that, 

provided we have a mixture which burns sufficiently fast, the rate of 

combustion must constantly be increased. As soon as the compression 
in the unburnt layers becomes so great that self-ignition follows, the 
resulting extraordinarily powerful compression wave is propagated 
with very great velocity and with simultaneous ignition, i.e. we have 
the spontaneous development of the “ explosion wave.” 

' Berthelot,! who discovered the formation of an explosion wave, 
showed that its rate of propagation was independent of the pressure, 
of the diameter of the tube which contained the “knall gas,” and of 
_ the material from which the tube was made, and hence that it 
| represented a constant characteristic for each mixture, the determination 
_ of which was of great interest. 

The following table contains some of the results of Berthelot side 
1 Compt. rend. 93. 18 (1881). 


* 
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by side with those of Dixon! of later date (1891). The numbers, 
which agree very well, refer to metres per second. 


{ 


Berthelot. | Dixon, 

He+ On 2810 2821 
H,+N,O 2284 2305 
CH,+40 2287 2322 
C,Hy+ 60 2210 2364 
C,H, +50 2482 2391 
C,No+ 40 2195 2321 
fe Ol, 1730 
2H,+Cl, 1849 


The maximal pressure of the explosion wave is very great ; 
according to the experiments described on page 694, mixtures of 
hydrogen and oxygen at the original pressure of one atmosphere must 
be compressed up to 30-40 atmospheres to produce self-ignition. 
Now, as the heat developed on explosion causes a rise in temperature 
of about 2-3000°, that is to say, an increase in absolute temperature 
to about four times the value it has on compression, we are concerhed 
with pressures considerably above 100 atmospheres. Not only the 
magnitude of this pressure, but also the fact that it is produced so 
suddenly, causes the extraordinary destructive force which distinguishes 
the explosion wave from slow combustion. 


The above considerations on the propagation of combustion were brought 
forward by Mallard and Le Chatelier, “ Recherches expérimentales et theoriques 
sur la combustion des mélanges gazeux explosives,’ Annales des mines, 
September to December 1883; (also in a separate pamphlet, Paris, 1883, 
published by Dunod). In this work the experimental methods are 


brilliantly worked out, and at the same time, the theory is developed in the 


clearest manner. It must be considered a classical treatise on this branch of 
chemistry. 

The above considerations show that the theory of the propagation of 
combustion could be completely developed as a pure hydrodynamical 
problem; the rate of propagation has been discussed in excellent investiga- 
tions by E, Jougnet, Journ. mathémat., 1905, p. 347, and 1906, p. 6; and 
L. Crussard (Bull. Société de Vindustrie minérale, 6. 1907); these authors 
calculated the velocity of .the explosion wave for a number of cases—the 
results being in close agreement with observed values. 

Molecular theoretical considerations, such as those by which Berthelot 
and Dixon explained the phenomena in question, seem as unnecessary in this 
case as they are for the treatment of acoustics, The author has shown 


in a small pamphlet, Physikalisch -chemische Betrachtungen ‘ber den 


1 For the literature see the comprehensive report by Dixon, Ber. deutsch. chem. Ges. 
38. 2419 (1905). ; 
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Verbrennungsprozess (Berlin, 1905, published by Springer), that the many 
phenomena which Dixon discovered in a very fine experimental research, in 
which he continued the older researches of Mallard and Le Chatelier, and 
succeeded in photographing the combustion processes, may be simply and 
clearly explained by purely hydrodynamical considerations. 
Finally, it may be mentioned that also single gases, such as acetylene, 
-and even elements such as oxygen in the form “of ozone, are explosive; the 
decomposition, or transformation into a stable form, is accompanied in 
this case also by a strong development of heat. 


Liquid and Solid Explosives.—It has thus been fairly estab- 
lished by experiment, that the velocity of explosion of gaseous systems 
is a characteristic of the system, in the same way as, and in fact in 
close relation to, the velocity of sound in a gas. In the case of 
explosives in other states of aggregation, however, the question still 
‘remains open ; in recent times Berthelot! endeavoured to determine 
whether liquid and solid explosives show a similar behaviour to ex- 
plosive mixtures of gases. It can be easily imagined that even the 
boldest experimenter would find nothing very attractive in the 
quantitative investigation of modern practical explosives ; it is not 
without astonishment that we learn of the researches of this French 
investigator. 

Development of heat and change in volume are the chief character- 
isties of an explosion. The following table contains these values for 
various explosives; the volume refers to that of the decomposition 
products of one gramme of explosive at 0° ; the corresponding develop- 
ment of heat is given in the last column. 


Explosive. Volume. | Heat produced. 
Methylnitrate . | 87.0'cmn. 1431 cal. 
Nitroglycerine . ee Sea 1459 ,, 
Nitromannite | 692 ,, By: Aan 
Guneotton hoe 8008s; LOUORee 


ig When these substances explode in their own volume, the pressure 
rises approximately to 10,000 kg. per square centimetre. 
c The rate of explosion of methylnitrate in long tubes of a few 
_ millimetres inside diameter was measured. by Berthelot’s chrono- 
| graphic method, which had already been widely employed. In tubes 
| of caoutchouc the rate was 1616 metres per second, in glass tubes 
1890-2482, in Britannia metal 1230, and in steel 2100. 

The tubes were always burst by the explosion, usually being torn 
into long strips ; those of glass were naturally reduced to powder. 
ie a rhe _ stronger the tube, the greater on the whole is the rate of 


‘ Compt. rend. 112, 16; more fully in Ann. chim. phys. [6] 28. 485 (1891). 
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explosion ; whether constant values could be obtained if the tubes did 
not burst could not be determined, because such tubes were impossible 
to make. Berthelot supposes that in such cases the rate of explosion 
would be approximately equal to the velocity of sound in liquids, 
that is about 5000 metres a second. The rate of explosion of nitro- 
glycerine in lead tubes was 1300 metres, of dynamite 2500 m, ; the 
physical condition of the explosive is thus of the greatest importance. 
The results show that the greatest velocity is attained in solid 
explosives as nitromannite (7700), picric acid (6500), or guncotton 
(5400 when closely packed). (For an account of the determination of 
explosive action, see the lecture by Will,! which also contains references 
to this literature.) 

The theory of solid and liquid explosives will probably progress 
along the same lines as that of gaseous explosives ; in particular, the 
pressure necessary to produce the explosion will be of fundamental 
importance for the theory of the development of the explosion wave. 


Reactivity of Oxygen.’—Oxygen, at high temperatures an 
extremely reactive element, is strikingly inert at ordinary temperature, 
not because its affinity, but because its reactivity, is small. Only a few 
bodies—the spontaneously oxidisable or “autoxidisable” bodies—are 
capable of combining more or less energetically with oxygen at the 
ordinary temperature. To this class belong the alkaline metals, 
especially those of high atomic weight, as rubidium and caesium ; also 
the compounds of sulphurous acid and sulphuretted hydrogen, finely 
divided metals, and such metallic oxides as are capable of higher states 
of oxidation ; but, most of all, certain organic bodies, e.g. alkyl com- 
pounds of phosphorus, arsenic, antimony, zinc; the aldehydes; many 
ethereal oils like turpentine, etc. In the spontaneous oxidation of 
these substances it is observed that they induce oxidation of other 
substances not spontaneously oxidisable. We may therefore attribute 
to them the power of putting oxygen in a more active state. This fact 
has received practical applications, v.g., in the bleaching of textiles and 
paper by turpentine. 

These processes have been specially studied by Schénbein, and 
later by Engler and Weissberg, Brodie,* Clausius,4 Léw,° Hoppe-Seyler,® 
Baumann,’ M. Traube,$ and in more recent times by van’t Hoff,® 


1 Zeitschr. f. Elektrochem. 12. 558 (1906), 
2 See Bodliinder, Langsame Verbrennung, Stuttgart, 1899; and especially the excellent 
ncnieep by Engler and Weissberg, Vorgdnge der Autoxydation, Brunswick, 1904. i 
3 Phil. Trans., 1850, p. 759 ; Jahresber. f. Chem., 1850, p. 248. , 
Pogg. Ann. 108, 644 (1858) ; 121. 256 (1864). 
Zettschr. f. Chem. N.F. 6. 610. 
Zeitschr. physiol. Chem. 2. 24; Ber. deutsch. chem. Ges. 12, 1551 (1879). 
Zeitschr. physiol. Chem. 5, 244. 
Ber, deutsch. chem. Ges. 15. 2434 (1882). 
Zeitschr. phys, Chem. 16, 411 (1895) ; Chem. Ztg., 1896, 807. 
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Jorissen,’ and especially by Engler and Wild. Most early writers 
thought the activation was due to conversion of the oxygen molecule 
into ozone and a hypothetical “antozone,” or decomposition into free 
atoms. M. Traube® showed that in such processes of oxidation, especially 
of finely divided metals, in presence of water, hydrogen peroxide is 
formed, and this causes further oxidation. Van’t Hoff and Jorissen 
investigated the facts quantitatively, and found, as Schénbein and 
Traube* had partly done before, that the autoxidisable substance 
renders as much oxygen active as it requires for its own oxidation ; in 
other words, that the autoxidisable and the other substance take up 
equal amounts of oxygen. They tried to explain this by a decomposi- 
tion of oxygen into opposite electrically charged atoms. According to 
the important investigations of Engler and Wild, the phenomena 
attending autoxidation are to be explained by combination not with 
single atoms but with half-broken oxygen molecules —O—O—, 
forming peroxides of the type of hydrogen peroxide, i.e. of constitution 


RO go 
| or Re | 
R—O ayes 
These peroxides, like hydrogen peroxide, can give up an atom of oxygen 
to other oxidisable substances, being converted themselves into the 


_ simple oxides R,O and RO. The active oxygen is therefore not in the 
_ form of free atoms, but it is combined oxygen which is easily re- 
- movable. The stability of the peroxides varies according to the nature 
' of the radicle R. Some are easily isolated, such as the peroxides of 
alkali metals (sodium, rubidium, etc.), that of hydrogen (in palladium 
hydride) and further those of aldehydes (acetyl peroxide, propionyl 
peroxide, benzoyl! peroxide) ; others are less stable. Probably too the 
- autoxidation of phosphorus yields a very easily decomposed peroxide, 
_ which gives off spontaneously an atom of oxygen, which combines with 
a molecule of oxygen to form ozone. 
The action of light on autoxidation is very important ; it causes an 
_ extraordinary acceleration, as may be observed especially in the oxida- 
tion of organic bodies such as aldehyde, turpentine, etc. The bleaching 
of dyes may very probably be due to the formation of oxidising 
peroxides, accelerated by illumination. It may be imagined that light 
dissociates the closed oxygen molecules O = O into reactive complexes 
—O—O—, an hypothesis, however, that has not yet been verified. 
a Van’t Hoff and Jorissen’s rule as to the quantities of oxygen taken 
up by the autoxidisable and other substance holds only when the 
1 Zeitschr. phys. Chem. 22. 34-59 (1897). 
2 Ber. deutsch. chem. Ges. 30. 1669 (1897); see also Engler, ibid. 33. 1109 
p(a000), also the monograph mentioned on page 698. 


2 Journ. prakt. Chem. 98. 25 (1864). 
4 Ber. deutsch. chem. Ges, 26, 1471 (1893). 
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lower oxide formed from the peroxide is stable, and does not oxidise 
further itself. If the lower oxide can give up its oxygen the original 
autoxidisable body is reformed, and by a kind of catalytic action 
is capable of oxidising an indefinite quantity of the other substance. 
Oxidation in the animal body very likely takes place in this way. 
Hemoglobin has two stages of oxidation, oxyhemoglobin and 
metoxyhemoglobin, and the investigations of Schiitzenberger and 
others show that in oxyhemoglobin half the oxygen is more easily 
split off than the other half. The first is to be regarded as peroxide 
oxygen, the second as oxide oxygen. 

According to Haber! the best idea of autoxidation occurring in 
aqueous solution can be obtained by comparing it to the process in a 
voltaic cell ; at the anode a mol of oxide of the substance in question 
is formed, and, simultaneously, but at a separate place, a mol of 
hydrogen peroxide is found at the cathode, which must be charged 
with oxygen. 


The Catalytic Action of Water Vapour.—Another very strik- 
ing phenomenon is that the presence of the very slightest traces of water 
vapour are of the utmost importance for the ignition of certain ex- 
plosive gas mixtures. Thus Dixon? discovered that a completely 
dry mixture of carbon monoxide and oxygen cannot be made to explode 
by means of the electric spark, or at most only with the greatest 
difficulty, but that the mixture is made capable of explosion by the 
introduction of the very slightest traces of water vapour. 

When other foreign gases were mixed instead of water vapour with 
the carbon monoxide mixture [2CO + O,], it was found that explosion 
occurred on passing the electric spark in all cases where the foreign 
gas contained hydrogen, e.g. H,S, C,H,, H,CO,, NH, C;H,,, or HC]— 
but not when traces of SO,, CS,, CO,, NO, C,N,, or CCl, (none of 
which contain hydrogen) were introduced. bi 

It is the view both of Dixon and of L. Meyer ® that the action of 
the water vapour necessary for the combustion of the carbon monoxide 
mixture [2CO + O,], consists in the water vapour being reduced by the 
carbon monoxide, and then the mixture of hydrogen and oxygen 
burning with a velocity sufficient for explosion, and at much lower 
temperatures than those at which the combustion of carbon monoxide 
occurs ; according to this, the water vapour acts as a carrier of oxygen, 
according to the two equations :— 


(1) CO+H,0=CO, + H,, 
and 
(Oy a2, + O, = 21,0} 


1 Zeitschr. phys. Chem. 85, 81 (1900). 
2 Trans. Roy. Soc. 175. 617 (1884) ; Journ. Chem. Soc. 49. 94 and 884 (1886). 
° Ber. deutsch. chem. Ges. 19. 1099 (1884). 
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which together lead to the result 
(3) 2C0+ 0, = 2CO, ; 


only a much higher temperature is needed for the velocity of reaction 
(3) to be great enough to produce an explosion, than for the velocities 
of reactions (1) and (2). 

It is possible that the action of water var eue may be referred to 
the fact that the equilibrium 


(4) H,0+0,=2H,0, 


is almost simultaneously established at high temperatures, and that 
hydrogen peroxide oxidises carbon monoxide— 


H,0, + CO = CO, + H,O 


quicker than oxygen itself does at the same temperature (see also 
“p. 694), 

In other cases this explanation fails, as has been shown by Baker,! 
in numerous examples; hydrochloric acid and ammonia form no 
ammonium chloride, and vapour of ammonium chloride does not 
dissociate, when they are made very thoroughly dry. The peculiar 
catalytic action of water in these instances is suggestive of the high 
dissociating power of liquid water.” 


Chemical Equilibrium and Temperature Gradient.—A 
temperature gradient can also alter the chemical equilibrium, #.e. if a 
_ system is in a stationary condition, but has not the same temperature 
at every point, then equilibrium can be different at every point to 
that which would correspond to the temperature, pressure, and 
proportions of the reacting substances. For in such a system the 
partial pressures of the separate components is different from point to 
point, and hence diffusion occurs, which causes more or less disturbance 
of equilibrium. The disturbance will be greater the more the rate 
of diffusion exceeds the reaction velocity. An extreme case has 
already been mentioned on p. 690; the equilibrium between water, 
hydrogen and oxygen in the neighbourhood of a glowing platinum 
wire is spread through the whole system by diffusion, for the velocity 
of reaction in the space apart from the wire is extraordinarily small. 
For the general formule applying to this case see the paper ® in which 
_ the theory was first developed. 


1 Jowrn. Chem. Soc.; 1894, p. 611; “Chem. News, 69. 270 (1894). 

2 For further literature see the paper by Dixon, mentioned on p. 696. 

; ® Nernst, Festschrift Ludwig Boltzmann, p. 904 (Leipzig, 1904). It is also possible 
that the equilibrium in an incandescent gas mixture (e.g. in a flame) is disturbed by 

yadiation of heat to the cooler surroundings which contain the components as a rule in 

_ different proportions. or this means that the temperature of the separate components 

_ differs more or less from the mean value. 


CHAPTER V 
THERMO-CHEMISTRY V 
HEAT AND CHEMICAL ENERGY 


The “Principle of Maximal Work,” an Erroneous Interpre- 
tation of Heat of Reaction.—In what precedes we have described 
the most important laws which have been developed regarding the 
application of the doctrine of energy to chemical change. 

In the law of the constancy of the heat summation (the expression 
of the first law of thermodynamics), and in the equation of the reaction 
isochore (the simplest expression of the second law of thermodynamics) 
we possess results of investigation which, on the one hand, rest on the 
firmest theoretical foundations, and, on the other, have been completely 
confirmed by experiment, and thus may be regarded as among the 
safest possessions of natural science. 

The history of theoretical chemistry in the last forty years shows 
how a faulty consideration of these principles has led to persistent 
error. 

This error owes its origin to a mistaken notion which has in many 
ways invaded the most different regions, and which has been conquered 
at the cost of much trouble; the notion, namely, that the heat of 
reaction (i.e. the development of heat plus the external work), associated 
with the completion of a natural process, must be regarded as the measure of 
the force which urges the system in question into its new condition. 

From this point of view we should have to regard the heat of 
reaction as the measure of the mutual affinity which exists between 
reacting substances ; and therefore we should have to conclude that 
“every chemical change gives rise to the production of those substances which 
occasion the greatest development of heat.” This theorem was advanced 
in 1867 by that highly-gifted experimenter, Berthelot, after Thomsen 
had previously, 1854, expressed a similar opinion. Berthelot later! 
claimed that this was not only the guiding principle of thermo- 
chemistry, but even of all chemical mechanics. 


1 Essai de mécanique chimique, Paris, 1878. 
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For a long time this theorem found unquestioning recognition, 
although it was shown in the most different ways, by Horstmann, 
Rathke, Helmholtz, Boltzmann, and others, that the theorem was 
untenable, both from a theoretical and an experimental standpoint. 

Measure of Chemical Affinity.—Before we criticise Berthelot’s 
principle, we shall have to consider what we are to regard as the 
measure of affinity. That the velocity of a reaction is not such a 
measure, needs no special proof after what we have already learnt ; it 
depends too much upon the, so to speak, accidental resistance opposing 
the course of the reaction. The assumption that at 400° iodine has 
a greater affinity for hydrogen than oxygen has, is as inadmissible as 
if we were to measure the capacity for work of two motors by the 
number of their revolutions. Again, we cannot conclude from the 
interesting researches of Raoul Pictet! that sodium has a very much 
weaker affinity for water at — 80° than at the ordinary temperature, 
because it will not act on aqueous alcohol at that temperature ; this 
conclusion would only be valid if it were shown that metallic sodium 
was precipitated when hydrogen was passed through a solution of 
sodium in aqueous alcohol (which is certainly not true). The obvious 

interpretation? of this experiment is that the velocity of reaction is 
_ greatly diminished by the large fall in temperature, so that water and 
sodium show a similar (appurent) indifference to each other at — 80°, as 
; hydrogen and oxygen do at the ordinary temperature. Since every 
- chemical process—in fact, every process occurring in nature (p. 16)— 
; can advance without the introduction of external energy only in that 
: direction in which it can perform work, and since a measure of 

chemical affinity must satisfy the invariable condition that every 

process completes itself in the sense of its affinity, we may without 
4 doubt regard the maximal external work of a chemical process (i.e. “the 
is 


change im free energy”) as the measure of affinity. 

The object of thermo-chemistry is thus clearly defined ; it is to 
measure with the greatest possible accuracy the changes in free energy 
| associated with chemical processes, the extent of the measurement 
t being as far as possible equal to that of the measurements of changes 
| in total energy, 2c. heats of reaction. When this problem is solved, 
L 
: 


_ we, shall be able to predict whether a reaction can complete ‘itself 
or not under given conditions. All reactions advance only in the 
- sense of a diminution of free energy, 7.¢. only in the sense of affinity, 
_ as defined above. . 

In order to ascertain the change in free energy associated with 
a chemical reaction, the reaction must be conducted isothermally and 


1 Chem. Zentralbl., 1893, I. p. 458. 

: 2 This explanation of Pictet’s experiments was published by me in Jahrbuch der 
Chemie, ii. p. 41 (1893), and was soon after completely confirmed by Dora and Véllner 
(Wied: Ann. BO. 468, 1897). 
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reversibly ; we can then directly ascertain the maximal work which the 
process can yield. If the process can take place in several ways under 
the given conditions, the change in free energy must be the same 
for each way. For if not, we could complete the change in one way 
and reverse it in another, thus establishing a reversible isothermal 
chemical process, by means of which an unlimited amount of work 
could be performed at the expense of the heat of the environment. 
This is contrary to the second law of thermodynamics. Hence we 
arrive at the result that: the change in free energy of a chemacal process is 
independent of the way in which the process is completed, and is determined 
solely by the initial and final states of the system. This is analogous to 
the law of constant heat summation (p. 597). 

It follows directly that changes in free energy may be employed in 
calculations in the same way as changes in total energy. For 
example, the change in free energy of a chemical process is equal to 
the sum of the free energies of formation of the newly formed 
molecules, minus the sum of the free energies of formation of the 
decomposed molecules. By “free energy of formation” of a compound, 
we mean the maximal work which can be obtained by the union of 
the elements contained in the compound. In the chemistry of changes 
in free energy, therefore, the “free energy of formation” corresponds 
to the “‘ heat of formation ” in thermo-chemistry, and its determination 
is particularly important. 


Comparison of Free and Total Energy.—According to the 
above considerations, Berthelot’s theorem, that the course of chemical 
processes is determined by the heat of reaction, i.e. by the change in 
total energy, requires the relation that 

A=U : 5 : ; (1) 


It can easily be shown that this relation cannot hold good in general ; 
in chemical processes between gases or in dilute solutions, for example, 
U is independent of the concentration (p. 602), but A is not so by any 
means, as is shown by the equation (p. 658) 


IG Pas Moe 
Ses Oi. ee 5 ; (2) 
An equality of the two magnitudes is therefore at once excluded. 
Compare further equation (1) with our fundamental equation " 


dA 
A-U= Tat ee ; ; (3) 
: dA 
Then if A=U, aT 0, and therefore also 
dU 
ar 


We thus obtain the necessary (but not sufficient) condition for the 
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truth of Berthelot’s theorem, that the heat of reaction U is independent of 
the temperature. 

Now this law is by no means established by experiment ; on the 
contrary, in all those cases where liquids and gases take part in the 
reaction, the heat developed varies with the temperature; this is 
on account of the considerable difference between the specific heats 
of the reacting substances and of those produced. Thus we con- 
clude that the heat of reaction which is associated with a chemical 
change does not at all correspond to the maximal external work to be 
obtained by the isothermal progress of a reaction. 

We get a different behaviour when solid substances unite to form 
new complexes which also exist in the solid state; here the heat of 
reaction is found to be practically independent of the temperature, 
and in such cases it is possible, but by no means necessary, that 
the energy set free in the form of heat under ordinary conditions, 
might be entirely converted into mechanical energy by a suitable 
arrangement of the reaction process. 

If A, the maximal work, is independent of the temperature, then 


we must necessarily have 


881) also Beibl. z. Wied. Ann. 5. 183. 


AU. 


This latter condition is identical with the principle of the greatest 
work, but is also not fulfilled. When the temperature coefficient of 


a diAy:. : 
A, namely ar not zero, then of course the maximal work A and 


the heat of reaction U become equal when the other factor of the 
member on the right hand side of the equation, namely T, vanishes. 

At absolute zero,! 2.¢. at — 273°, the maximal work and the heat 
of reaction are therefore identical. At this temperature the theorem 
of Berthelot holds good absolutely, because here only complete and 
exothermic reactions are possible ; the farther we are removed from this 
the more probable is the occurrence of endothermic reactions. 

As a matter of fact, the preponderating chemical reactions at lower 
temperatures are, on the whole, the association phenomena taking place with 
a development of heat; while the reactions preponderating at higher tempera- 
tures are the dissociation phenomena which take place with the absorption of 
heat.? 


The Results of Experiments.—Now as a matter of fact, a 
critical and careful comparison of the thermo-chemical data with the 


course of the reaction has shown that the direction of the chemical 


change does not necessarily coincide with the direction in which the 


reaction progresses exothermally.® 


1 That U should become equal to zero (and A also) at about the same limit is 


7 usually quite excluded. 2 See van’t Hoff, Htudes, p. 174. 


3 See especially Rathke, Abhandl. der naturforschenden Gesellschaft zu Halle, 15. 


OYE 
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If we bring equivalent quantities of gaseous HCl and of gaseous 
NH, into a given space, a part of the gases will unite to form solid 
NH,Cl, and the formation of this salt will be carried to the point 
corresponding to the dissociation pressure at the temperature in 
question. On the other hand, if we bring the NH, and HCl, united | 
in the form of solid NH,Cl, into a sufficiently large space at the same 
temperature, then the same substance which was formed in the first 
case is decomposed into its products of dissociation. In the first case. 
the reaction is exothermic,—in the second endothermic. 

In general we may say that every single one of the numerous 
examples of reversible reactions is enough to disprove the universal 
validity of Berthelot’s principle. For if a reaction is exothermic in 
one direction, it must be endothermic in the opposite direction ; and 
if only the former were possible, then all reactions. would advance 
to a completion, and there would be no such thing as a chemical 
equilibrium. And after what we have learnt about this in Book IIL, 
we must absolutely agree with Ostwald! when he characterises the 
advancement of Berthelot’s principle as a return to Bergmann’s doctrine 
of affinity (p. 446). 

Berthelot himself soon noticed the inadmissibility of his principle 
in this connection. He therefore limited his law that a chemical 
system strives towards that final condition which has the greatest 
diminution of total energy compared with the original state, to those 
cases only where the interference of foreign energy does not form a 
disturbing factor. We shall not consider here all the unsuccessful 
attempts which have been made to explain every process which occurs 
with an absorption of heat, by the interference of some foreign (not 
chemical) force. 

It must not be forgotten, however, that the defence of the universal 
truth of Berthelot’s principle is due to the fact that on the whole, the 
occurrence of those reactions which develop heat, is more probable 
than that of endothermic reactions ; and also that very frequently the 
sense of the chenucal forces coincides with that in which a chemical process — 
takes place with a development of heat. 

The claim of this principle to be an absolute law of nature must 
be rejected ; and yet it is too often true for us to ignore it entirely. 
It would be as absurd to give it complete neglect, as to give it 
absolute recognition. 

Now it is never to be doubted in the investigation of nature, that 
a rule which holds good in many cases, but which fails in a few cases, 
contains a genuine kernel of truth,—a kernel which has not as yet 
been “shelled” from its enclosing hull. And so in this case, as I 
have emphasised in the earlier editions of this book, it seems to me 
possible that, in a clearer form, Berthelot’s principle may some day 
regain its importance. Inasmuch as we are dealing here with a 

1 Allg. Chem. ii. 614 (1887). 
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question of great significance—a significance which is rarely met in 
chemical investigation—we will try to specialise the somewhat too 
general form of Berthelot’s rule, and apply it to some simple cases. 

We must, however, always.be on our guard against a confusion 
which is liable to arise in this kind of reasoning. Since development 
of heat causes an elevation of temperature and therefore always 
increases the reaction velocity, while, conversely, heat absorption 
decreases it, therefore exothermic reactions must always be self- 
stimulating, and endothermic reactions self-restraining, unless the 
reaction mixture is artificially maintained at constant temperature. 

It must not be forgotten that velocity of reaction is of the highest 
importance for the question what particular compound of all those 
possible will result from a reacting system. It often happens that 
relatively unstable substances are first formed, and then change over 
to the more stable forms after a lapse of time which may be immeasur- 


_ ably great. We meet with many such examples in organic chemistry 


i 


(cf. page 681). It can even be said that the attainment of definite 
equilibrium is almost always preceded by the formation of such 
unstable intermediate products; Horstmann! cleverly referred this 
phenomenon to the fact that, as a rule, the rate of formation of a com- 
pound is smaller, the greater the accompanying development of heat. But 
these relations have not yet been cleared up, and it is in any case 
premature to put forward a “law of successive reactions,” as has 


recently been done. 


Methods for the Determination of Affinity.— We have already 
found, in the determination of the equilibrium between the reacting sub- 
stances, a method of very general applicability for the determination 


of the affinity of reactions; the change of free energy A referred to 


unit concentration was found to be (p. 658) 
A= ha In. K. 


Tf this refers to a dissociation, then K denotes the dissociation 
constant, and the negative value of A denotes the “free energy of 
formation” of the compound. If all the dissociation constants of all 
of the reacting compounds are known, then we know the affinities of 
all the reactions; this theorem finds an excellent illustration? in the 


treatment of reactions between electrolytes, as given in Chapter IV. 


of Book III. | ‘ 
Another method for the measurement of affinity, which is very 
‘simple and exact, will be given in the following chapter: it depends 


on the determination of the electromotive force of galvanic combinations.? 


The great importance of affinity determinations as those just 
described, may be illustrated by the following example among many. 
: 1 Theoret. Chem., Brunswick, 1885. 


2 Compare van’t Hoff, Zeitschr phys. Chem. 3. 608 (1889). 
® Zeitschr anorg. Chem. 14. 145 (1897). 
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As is well known, the combustion of carbon is the reaction whose 
capacity for work provides the driving power of most of our engines. 
The affinity of this reaction, i.e. the maximal external work which can 
be obtained by the combustion of 1 g. atom of carbon (=12 g.) to 
carbon dioxide was previously unknown; and therefore we did not 
know the capacity for work of an ideal machine working at its 
maximum efficiency, when it is fed with coal. 

The following method leads to a solution of this problem. We 
know the equilibrium between carbon dioxide, carbon monoxide, and 
oxygen (p. 692), ze. we know the affinity A,, of the reaction 


2CO + O, = 2C0O, + A,, 


and, moreover, at all temperatures. On the other hand, Rathke 
(p. 705) has observed that it is not possible to reduce carbon dioxide 
completely to carbon monoxide by the action of glowing coal. Thus 
a single quantitative experiment on the equilibrium between carbon 
monoxide, carbon dioxide, and carbon, would give us for all tempera- 
tures, exactly as in the preceding case, the affinity A,, of the reaction 


C+ CO, = 2CO + A,. 
Then the addition of these two energy equations gives indirectly, 
C+0,=CO, + A, + A,; 


that is, the required affinity of the combustion of carbon: this cannot 
be directly determined owing to the extremely minute dissociation of 
carbon dioxide into oxygen and carbon. 


By means of the recent investigations of Boudouard,! who found that 
at 1000° and atmospheric pressure 99:37/ CO and 07% CO, can exist in 
presence of solid (amorphous) carbon, we can determine the affinity of carbon 
and oxygen in the way I have proposed above. According to p. 692 carbon 
dioxide is dissociated to the extent of 0:00277 at 1000° and under atmos- 
pheric pressure. The quantity of oxygen x which coexists with carbon 
monoxide at 0993 and carbon dioxide at 0007 atmospheres can be found 
by the law of mass action, which gives 


K. (1)? = (0-000027)2(0-0000135) 
K. (0:007)? = (0:993)?. x, 


whence x=4:9x 10-19 atmospheres. In order to combine carbon and 
oxygen at atmospheric pressure we may suppose, according to the cyclic 
process on p. 656, oxygen introduced into the system investigated by 
Boudouard and carbon dioxide removed. This gives as the affinity in 
question 


it 1 
A=A,+A4,=RTIn7 - BT In 5 oo7 - 


1 Compt. rend. 128. 842; Bull. soc. chim. of the 5th August 1899 and 5th March 
1900. 
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or (p. 660) 
0-007 
A=4571.1273. log a 94,000 cal. 


The heat of reaction at atmospheric temperature is, according to p. 598, 
97,650, and therefore is little different to the above value; but as A and 
Q become more nearly equal in any case at lower temperatures (p. 705), we 
obtain the result that the heat of combustion of coal at atmospheric tempera- 
ture 1s almost completely convertible into external work. This result will be 
verified further on in an entirely different way. 

Further calculations and considerations of this kind are to be found in 
Bodlander (Zeitschr. f. Hlektrochemie, 8. 833 (1902)) and Nernst, Betrachtungen 
uiber den Verbrennungsprozess in den Gasmotoren, Berlin, 1905 (Springer). 


_A New Theorem of Thermodynamics.— We have seen above 
(p. 705) that the comparison of total and free energy in reactions in 
which gases or solutions take part, has, strictly speaking, no meaning. 
On the other hand, when a reaction takes place between perfectly 
pure substances, entirely in solid or liquid form, the differences between 
A and U are usually found to be small. I have been led to the con- 
clusion that not only do A and U become equal at the absolute zero 
of temperature, but that their cwrves touch asymptotically at this point. 
That is to say 

fain, io GU 

lim aT = lim aT ttor =O). : (4) 
It is to be remembered that this equation is only strictly applicable 
to pure solid or liquid substances ; gases are incapable of existence at 
absolute zero, while the behaviour of solutions needs closer study. 

This simple theorem leads to a number of results which in my . 
opinion have been completely confirmed by experience. From the 
standpoint of molecular theory, also, the new theorem seems not 
improbable. The second law of thermodynamics teaches us that at 
absolute zero itself A and U are equal, ic. that the decrease in 


potential energy caused by the process under consideration is equal. to 


the heat developed. If we allow the reaction to take place slightly 
above the absolute zero, the atoms of solid and liquid substances have 
still very small kinetic energy, and therefore oscilliate only slightly 
about their positions of rest. Hence we can assume that the relative 
distances between the centres of attraction, and consequently the 
potential energy, is only altered to an infinitesimal extent, @¢. 


lim Sith hs =* 0) 
Substituting this in equation (3) p. 704, we obtain also 
dU 


lim Gar = 0 (T= 0). 


% 
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It is very striking that from this hypothesis we can obtain relations 


between chemical affinity and heat of reaction which enable the 
calculation of chemical equilibria from thermal data —.e. that the 


same problem is solved which Berthelot’s principle was meant to | 


solve.! 


The recent considerations by A. Einstein (Ann. d. Phys. (4) 22, pp. 184 
and 800, 1907) and M. Thiesen (Verh, d. d. Physik. Ges., 18 Dec. 1908) 
agree in principle with my own theorem. For, according to these authors, 
the specific heats of solid bodies practically vanish in the neighbourhood 
of absolute zero, and then increase at first rapidly with rising temperature 
and afterwards slowly. It follows that the change in energy U associated 
witb a chemical change must in fact obey the equation ? 


i dU 

im 9p =1()) (t=), 

Einstein assumes further that the molecules of a crystallised body at absolute 
zero are kept in place by elastic forces, like the cross points of a latticed 
frame work. At higher temperatures the molecules oscillate isochronously 
about their positions of equilibrium, the impulse for these oscillations being 
given by the dark rays which fill the bodies. 

Obviously the same assumptions must be made for isotropic solid sub- 
stances (undercooled liquids), and when we observe that the energy of 
radiation, and therefore the amplitude of the above oscillations, increases in 
any case with a considerably higher power than the first with the tempera- 
ture, it follows that also 

dA 
qt= 


which is in agreement with my own considerations. 


0 (T=0), 


Relation between Affinity and Development of Heat in 
Condensed Systems.—If we assume, as we are entitled to do by 
experience, that the specific heats of solid and liquid bodies can be 
expressed in whole powers of the temperature, then it follows that the 
development of heat U can also be expressed in the same form : 

U= Be +aT+ er xt yT? . . . (5) 
Substituting in the equation 
dA 


_u=-7T2  ... |e 
0-1. (3) 


1 The above thermodynamical theorem is developed in the following papers: Nernst, 
“*Berechnung chemischer Gleichgewichte aus thermischer Messungen,” MVachr. d. Ges. 
d. Wissensch. zu Gottingen, Math-phys. Kl., 1906, Heft I. ; Nernst, Sitzwngsber. Preuss. 
Akad. d. Wissenschaft., 20 Dec. 1906. . A detailed account, and calculation of 
numerous examples, will be found in the Silliman Lectures by Nernst, Applications of 
Thermodynamics to Chemistry (Scribner & Sons, New York, 1907); see further the 
list of references at the end of this chapter. 

2 [Einstein’s theory has been to a large extent confirmed by the recent work of Nernst 
and his collaborators on specific heats at low temperatures. See p. 171, also Sttzwngsbd. 
d. K, Akad. d. Wiss., Berlin, 8rd March 1910.] , 
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and integrating, we obtain 
Petpeteolint pe ols (8) 


where a is an unknown integration constant. 

The correctness of this integration may be easily seen by sub- 
stitution in (3). 

Differentiation gives us 


or =a + ORT + ByT? + 
oa =a+a- din? 267 - 31> 
From our theorem 
PerAg oe CU) 
lim aT lim ar (T=) 
it follows at once that 
asada Ol ‘ ; (7) 
and hence that 
U =U, + BT? + yT? + F ; : (8) 
ea = oe 8) 


We see therefore that A can be calculated from purely thermal data, 
which was impossible by the application of the laws of thermodynamics 
known hitherto. 

The relation 

prea AU 
a = lim qT 0 

signifies moreover that in the neighbourhood of absolute zero mole- 
cular heats must be purely additive, and equal to the sum of the 
atomic heats. This holds for solid as well as liquid (amorphous) 
bodies. 

The calculation of numerous examples shows that the coefficients 


| 8 and y, which can be obtained from the specific heats, are not very 
large, and this explains why the difference (per cent) between A and 


U is very small when the heat of reaction is considerable. This fact 
has been confirmed in recent times-by different investigators, especially 
for the changes of solid substances ; it also explains at the same time 
the regularities put forward by Berthelot in support of his principle. 
The accompanying diagrams may finally help to elucidate the 
position. If we omit all but the first member of the series represent- 
ing U as a temperature function, then Fig. 47 gives the curves for U 


| and A which would be obtained from equations (5) and (6), i.e. simply 


with the help of the two laws of thermodynamics known up to the 


present time. 
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Curves of this kind have been briefly discussed by van’t Hoff? 


and by Broensted.? 


The course of the curves is distinctly different when we combine 


: 


Fig. 47. 


the new hypothesis (4) with the 
familiar laws of thermodynamics. 
Taking into account only one 
term involving T in the series 
for U we must put 


U=U,+6T? A=U,-fT? 


and we thus obtain the curves 
shown in Fig. 48. The advance 
due to our new hypothesis is 
that the integration constant a, 
which would have to be deter- 
mined separately for each re- 
action, cancels out, and therefore 
a calculation of A from thermal 


data becomes possible for condensed systems. 


The relation 


further enables certain conclusions to be drawn on the change of 


specific heats with temperature. 


Transition Point.—When applied to reactions in condensed 
systems which take place with considerable changes in affinity, the 


new theorem only explains the 
regularities which have already 
been empirically observed (and 
of course allows us to calculate 
the small difference between 
A and U quantitatively from 
the specific heats). But when 
A is small in comparison with 
U, and therefore Berthelot’s 
principle is absolutely invalid, 
application of the new theorem 
leads to quite new results. 
Transition points are an 
instance of this (p. 641); from 
the theorem, which permits the 


200 400 


Fig. 48. 


calculation of A from purely thermal data, we can evidently obtain 


the temperature at which 


1 Boltzmann Festschrift, 1904, p. 233. 
2 Zeitschr. phys. Chem. 56, 645 (1906). 
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i.e. the transition temperature. We can use the formula 

A =U, — BT? 
thus limiting ourselves to two terms in the series for U, or in other 
words assuming that the difference between the capacities for heat of 
the disappearing and resulting substance is proportional to the absolute 
temperature. As an example, let us consider the change of monoclinic 


_tmto rhombic sulphur. Broensted+ studied this change in a brilliant 


investigation, obtaining the values for both U and A at different 
temperatures. If we assume that the difference between the specific 
heats ¢, and ¢, of the two modifications rises proportionally * to the 


| temperature, then we obtain 


2BT =e, -¢, 


(from the first law of thermodynamics), 


Cau 
ce 


_ and hence by integration 


' 


: 


| 


V=U,+ 61% 
where U is the heat developed by the change of 1 g. sulphur. 
Numerically we find 


ee Oe We box VOR2 


v U (obs.). U (calc.). Observer. 
273 2°40 2°43 Broensted (J.c.) 
368 3°19 3°13 Tammann (p. 642) 


A is therefore given at the same time by the equation 
Bee Lb 7 — VES L0-FT?, 


(Fig. 48, p. 712, represents the change in U and A according to these 


formule. ) 

If we calculate the transition temperature T, (under the pressure 
of saturated sulphur vapour), at which A =0 (neglecting the vanish- 
ingly small external work caused by the difference in volume between 
the two modifications), we obtain 


1 UES Ye 


Te 7s = 369°5 (instead of 273 + 95:4 = 368°4). 
Tare 


Ty = 


Broensted further determined the values of A (in g. cal) for a series of 


_ temperatures by means oF solubility determinations (cf. pp. 141 and 


663) :— 
1 Zeitschr. phys. Chem. 55. 371 (1906). 
® At absolute zero c, and c, must be equal, according to (7). 
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Ds A obs. A cale. 
273 0°72 0°71 
288°5 0°64 0°61 
291°6 0°63 0°59 
298°3 0°57 0°55 


The values agree to within a few per cent, to which extent 
Broensted states the observed values are uncertain. 

It is therefore established that the maximal work of the above 
reaction can actually be calculated from purely thermal data.? 

[Since B=1'15 x 10~°, the difference between the specific heats 
is given by 
oy 
=aT = 

The following table shows the observed and calculated values of 
this difference at various temperatures. 


ee 2°30 x 10-57, 


dU . 4 

(te ar’ 2°30 T. 105. Observer. 
83 0:0854 — 0:0848 =0°0011 00019 Nernst 
93 070925 —0°0915=0°0010 0:0021 raf 
138 0°1185 — 0°1131=0-°0054 0:0032 Koref 
198 0°1529 — 0°1473 = 0:'0056 00046 Nernst 
235 01612 — 0°1537 =0°0075 0°0054 Koref 
290 0°1774 —0°1720 =0 0054 0:0067 Wigand ? 
293 071794 —0°1705 =0°0089 0:0067 Koref 
299 0°1809 — 0°1727 =0°0082 00069 Wigand 
329 0°1844 —0°1764=0°0080 0:0076 Regnault 


It will be seen that, in accordance with theory, the difference | 

between the specific heats tends to decrease at low temperatures. The 
dU - ; 

observed values for ap ze of the same order of magnitude as those 
calculated ; the actual differences between corresponding values in the 
two series of numbers being irregular, although sometimes apparently 
exceeding the error of observation.*] 

If c,° and ¢,° are the specific heats, and U° the heat of transforma- 
tion at the transition point To, then it is easy to show that 


1 The calculation carried out by Broensted (d.c.) with the help of much more com- 


plicated formule founded on the second law of thermodynamics is not of the same ~ 


importance, for T) was assumed known. 
2 Ann. der Physik [4], 22. 79. 
3 [These additions to the text (of the sixth German edition) have been mainly taken 


from the latest exposition of the new theorem. Nernst, Jowrn. de chim. phys., June é | 


(1910), p. 228.—TR.] 
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ee 


Sige o° 
OR us 


T = 


0 


A corresponding equation is‘also true for melting points, but only 
when the difference between the specific heats of solid and supercooled 
liquid rises proportionally with the temperature. This seems actually 
_ approximately true in many cases, for Tammann ! found the same rela- 
_. tion empirically, ¢.g. for naphthalene, 


U° = 34-7 ¢,° = 0°332 ,° = 0°442 


and 
_ 3847 
Bod: 1 1 
As is well known, the specific heat of water in the liquid condition 
exhibits great anomalies, obviously on account of strong association. 
The series for U must therefore be carried further than the second 
term, and consequently we find that the above relation does not even 
* hold good approximately in this case : 
80 
~ 1:00 - 0°51 
: For a complete calculation in this case we should have to know the 
| specific heats of supercooled water at low temperatures; direct 
| measurement is impracticable, but it will probably be possible on 
| theoretical grounds to obtain some insight into the phenomena in 
question. 
[Other substances, however, such as betol and benzophenone, can 
be supercooled to a high degree. In these cases it is interesting to 
compare the specific heats of the crystal and of the supercooled liquid 


' forms at different temperatures. Koref has obtained the following 
values : 


oS = 315 (instead of 353). 


gir = 163 (instead of 273). 


Benzophenone. 
oth 
dT 
137: 0°1526 — 0°1514 = 0:0012 © 
295 0°3825 — 0°3051 = 0:0074 
i Betol. 
A” 130—— 07148-07144 =0:004 
| 240  0:256 — 02205 = 0-0355 
320 0°362-—0:295 =0:067 
le Here we see plainly how the specific heats of the two forms tend 


i dU 
|| to become equal at low temperatures, and how therefore ap converses 


| : towards zero. 
ee 1 Kristallisieren und Schmelzen, p. 42 ff. (Leipzig, 1908). 
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In the case of salts containing water of crystallisation the 
affinity of the reaction (combination of one molecule of water with the 
salt) can be calculated by the formula 


We RT in = 
p 


p being the vapour tension of water, and z the dissociation pressure 
of the hydrated salt. The heats of hydration of some salts have been 
measured with great accuracy ; measurements of the specific heats of 
the hydrated and anhydrous salts at low temperatures puts us therefore 
in the possession of a complete set of data for testing the theorem. 
Some interesting examples will be found worked out in the paper 
mentioned above. | 

It must be expressly emphasised that our knowledge of the 
variation of specific heats must be further extended before the 
problems put forward in this chapter can be solved with greater 
accuracy. The fact that the new theorem of thermodynamics developed 
above requires that molecular heats of solid and liquid substances 
should be exactly additive at low temperatures is an important basis 
for investigations of specific heats (cf. also p. 711). 

We may complete this paragraph with the following general 
remarks: strictly speaking, the use of equation (8) requires the 
knowledge of specific heats down to absolute zero, and so an impression — 
could easily arise that the application of the new theorem was extremely — 
hypothetical. But in reality the conditions, ; 


Ney Ly 

aati ia Tie 
or, in other words, the equality of A and U is fulfilled at easily | 
attainable temperatures. Calculation of numerous examples has shown ~ 
that even at absolute temperatures of 100°, at which exact measure- ~ 
ments can be conveniently carried out, the difference between A and © 
U is only a few hundred cals. at the most, and usually very much less. © 
At the boiling-point of hydrogen, where also exact investigation can ~ 
be made, as the recent researches of Dewar and Kamerlingh Onnes 
have especially shown, the difference in question is almost always ~ 
completely negligible. 


0 


Chemical Equilibrium in Homogeneous Gaseous Systems.— 
It can now be easily shown that the equilibrium in homogeneous — 
gaseous systems can also be calculated when we know, as above, the 4 
heat of reaction, and besides this, the integration constants of the ~ 
vapour pressure curves of the reacting substances. a 
If the heat of reaction is given by the expression 


UsUy+oT+ p+ y+. (eo 


| cee eed , =e 


5 | , 
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then the second law of thermodynamics gives the relation (p. 671) 


Une ‘ 
InK=pn-plnT Bn sie eee Maier (21) 
: In order to make use of our theorem, we consider the equilibrium in 
| question at a temperature low enough for all the reacting molecular 
| species to be either in the liquid or solid state; we can then consider 
| the reaction as taking place between simply solid and liquid (pure) 
substances, according to the scheme 


Vids + Vg +. . . =, 4,’ + : : (12) 
For each of these substances we can obtain from the second law of 
thermodynamics a vapour pressure formula which we can express as a 
special form of equation (11); if € is the concentration of the saturated 
vapour, then, 


1 
Ke 
g 
~ and hence 
us _ Ao _ % _ Bo Yo me . 
; In f=pmn- pint Ri-oRt oF ie epee oe = (13) 
' where 
N=Xy t+ agl + Bol? + yol? + } i (14) 


_ X is the heat of condensation and i the integration constant. 

In order to calculate the affinity of reaction (12), we conduct the 
process isothermally and reversibly, exactly as described on p. 656, 
thus finding that 

A=RT (nK-Xln§ . . : (15) 


_ where 2yvln & is the summation 
crime, + vin + ...—v, In g’- 


t But now our theorem requires (p. 711) that for a reaction taking 
place according to the scheme (12), the coefficients of the terms T and 
T In T in equation (15) must vanish ; combining this equation with 
| (11) and (13) we see at once that the term containing the factor T is! 
: RT (I - 2vi) 
| and therefore 

MEPS VIL seh eeeis y ca ts by C18) 


This equation is a very remarkable consequence of the new 
- theorem ; equation (11) contains besides thermal magnitudes only the 
| integration constant 1; this is now referred to a sum of integration 
constants which can be determined once and for all for every molecular 
species, most directly from the vapour pressure curves of the substance 


i 1 The condition that the factor of T In T vanishes is satisfied by the additivity of 
‘ atomic heats of solid substances at very low temperatures. It presents therefore nothing 
“/ new. 
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in question in the liquid or solid condition. The above calculations 
show at the same time that the integration constant 1 1s independent of 
the nature of condensation product, e.g. it is the same for ice as for 
water; the two known laws of thermodynamics teach us nothing 
about this. 


Heterogeneous Equilibrium.—We will now assume that in a 
homogeneous gaseous system for which the relation (according to the 
preceding paragraph) 

Ut te ; ; 
oo spe (7) 
holds good, one molecular species is present as solid or liquid. Then, 
subtracting from the above equation the expression 

NO: B, ‘ 
on g=(s2,-% in T- To T?-i)y 

referring to the molecular species in question, we arrive at the result 
that the equilibrium constant K goes over to the value which, according 
to the earlier rules (p. 482), corresponds to the heterogeneous equili- 
brium in question. The value of i for the solid or liquid molecular 
species cancels out of the last term, and the remaining terms, which 
contain only thermal data, go over analogously to those values which 
refer to the heterogeneous system. 

When several molecular species are present in the solid or liquid 
state, the above operation must be repeated for each species, and we 
thus arrive at the simple result that equation (17) can also be applied 
to heterogeneous systems in which any number of solid bodies coexist 
with a gaseous phase. The thermal magnitudes are connected with 
the heat developed by the reaction ; the value of K is determined only 
by those molecular species which do not coeaist at the same time in the 
solid state, and consequently we have only to sum the values of “i” 
for these molecular species in order to obtain the integration 
constant I. 


What Ree 


Numerical Calculation of Chemical Equilibria from Heats 
of Reaction.—For an exact proof of the above formule the know- 
ledge of specific heats of gaseous and condensed substances down to — 
very low temperatures is necessary. Unluckily, such knowledge is ~ 
only incomplete; it is, however, certain that the specific heats of 
condensed substances diminish very rapidly with the temperature 
(pp. 171 and 710), and for the present I have assumed that the atomic 
heats of the element approach the value 1°5 at very low temperatures; — 
it fortunately makes very little difference what value we assume 
between 0 and 2. As the molecular heats of monatomic gases are — 
constant at 3°0 (for constant volume, p. 203), the atomic heats of © 


! 


] 


ts. “nell 


al - _ 
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monatomic substances would be 1°5 greater in the gaseous than in the 
condensed condition at low temperatures. I have therefore made the 


assumption that at such temperatures the molecular heats of all gases 
_ are 1°5 greater at constant volume, and correspondingly 3°5 greater at 


constant pressure than the molecular heats of the corresponding 
condensation products. 


: These assumptions lead us to the vapour pressure formula, which 


‘ has already been put forward on p. 235, and takes the following form 
on introducing ordinary ae : 


log p= — gett 175 log T- 7S -T+C ; (18) 


| _ where 


_i+InR 
 9°3023 


If we calculate with partial pressures instead of with concentra- 


|. tions—which is more convenient in dealing with gaseous systems—our 


new constant 


»_ Pr Pe? : Peek: 
| Ke ae oa ae - (RT) 
| and hence, as can be easily shown,! 
AL Q . rs B 2 =| 
log K''= ~gerip t= 176 log T+ Fal + ae + XvC (19) 


Q, the heat developed at constant pressure, is correspondingly 
given by the expression 


Q=Q, + 2v 3°5T + BT + yT? ; ; (20) 
[The following examples will serve to show how equation (18) 
_ may be used to obtain values of the constant C: 


Hydrogen. 


e. % 2 
_ log Poe oe + 1:75 log T-—0:0535 T+ 4:4154 


T= 20°60 20°41 19°61 19°03 18°35 17°57 16°58 15°13 14°11 
| p(cle)= 799°7 759°8 604°9 504°7 401°0 299°7 197°4 95°38 52 
p(obs.)?=800 760 600 500 400 300 200 100 50 


Toluene. 
29.020 : 
log Pum, = —q— + 1°75 log T - 0-004884 T + 5-9700 
T=195 ‘959 273 2998'S 324-8 362-7 3723 388-4 
p(cale.)= 0°0054 1°598 6826 28°73 99°86 404-2 546°4 750 
Di obey = 00054 1607 686 28°75 100 400 550 750 


; “Por T = 384°, X is calculated to be 7922 cal. instead of 7866 (obs.). 


1 See p. 717 for the carrying out of this summation. 
I 2 Travers, Haperimental Study of Gases. 
3 Barker, Zettschr phys. Chem. ‘71. 235. 
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In the last case, the vapour pressures vary in the ratio 1: 100,000 
.over the range of temperature investigated, and yet the observed 
values agree very well with those calculated by means of the 
relatively simple formula given above. If we express p in atmospheres 
we must subtract log 760 from both sides of the equation, thus 
obtaining for hydrogen C = 1°54, and for toluene C = 3°09.] » 

The values of C can be called ‘chemical constants,” for, with the 
thermal coefficients, they are characteristic for the chemical behaviour 
of the substances to which they refer. Their determination was 
attended at first with great difficulties; there are only a few sub- 
stances of which we have accurate vapour pressure measurements 
extending over a wide range of temperature, which enables us to 
calculate with certainty the three constants A,, « and C of equation 
(18). But after the calculations had been carried out in a number of 
cases, it became obvious that there was a distinct parallelism between 
the values for a in the equation on p. 234 on the one hand, and the 
so-called “ Trouton constants ” (p. 274) on the other. If the vapour 
pressure in equation (19) is expressed in atmospheres, we obtain the 


formule 
C=11a=0'14 Ze (approximately). 
0 


In this way finally the following table could be constructed :— 


CHEMICAL CONSTANTS. 


H, 16 HOl 80 CS, 31 
CH, 2°5 NO 3°5 NH, 3°3 
No 2°6 N,0 33 H,O 3°6 
0, 2°8 HS 3-0 Col, 31 
CO 35 SO, 33 CHCl, 3-2 
Cle 3-1 CO, 32 CH 3°0 


We see that the value of C for the majority of these substances is 
about 3°1; the low boiling substances, especially hydrogen, have 
smaller, and the associated substances greater, values, i.e, C behaves 


: Xr 
exactly the same as the quotient ie (p. 274); the parallelism between 
0 
the two magnitudes should not, however, be carried further. 


Example.—We will illustrate the practical application of ane (19) 
by calculating the dissociation of water vapour. 
In this case we have 


3 
U =113880 + 3:5T + 0:0085T? ae — — 0'4 — 
3 10° 109 


When T= 290 this expression gives a value for U =115160= 2(68200 —18 


590): (68200 = heat of formation of 1 molecule liquid water, 590=heat of — 


evaporation per gram). 


/ a . y 


al 
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By differentiating we obtain for the difference of the molecular heats the 
expression 
= Nye ie 
2H OO, 21 O= 3-6 --0007T —4—_— 1-6, 
# # LOL 10° 
which agrees satisfactorily up to fairly high temperatures with the recent 
measurements of Holborn (Annalen der Physik, 28, p. 809, 1907). 
It follows further that 


113,880 
ee en Loe E I aN ye ey ae 
4:571T eas. 46 4:6 106 4:6 109 


SvC =2.16+4+2:8-2.36= — 1-2), 


' . « m2 - m3 
log K’ = 0°0035 Os6ie el One 


According to p, 691 the degree of dissociation x under atmospheric 
pressure at T= 1300 is 0°29. 10-4 and hence 


; x? 
log K’ = log gee 13:90. 


The temperature which corresponds to this value for K is given by the 
~ above equation as 


. 113,880 
= 0:0035 O67, DA Ors. Te ‘ 
0 yong TOO _ OT 01 Tg 
A] | (3 90+ 1°75 log T+ 46 4:6 108 4:6 109 ) 


As the terms of this denominator which contain T are only correction 
terms, we can calculate T easily by approximation, The value thus found is 


T = 1320 (calc.) instead of 1300 (obs.). 


_ Differences as great and even greater than this are obviously to be attri- 
buted to the uncertainty of the thermal data, especially of specific heats ; 
| the degree of dissociation varies very greatly with the temperature, and it is 
}) therefore evident that the differences between the calculated and observed 
} results can be large. But it obviously shows a want of critical capacity 
1 to make such unavoidable differences the basis of an attack against the 
| principles of the theory; this would only be admissible if the differences 
‘were certainly greater than could be explained by the uncertainty of the 


thermal data. 


| Derivation of an Approximation Formula.—<As the coefficients 
} @ and y in equations (19) and (20) can only be calculated at present 
for isolated cases, we may for the time make use of the approximation 
} formula 
i eee 5) 1-75 log TE BO (21) 
log Ke holt Vv 0g ZV < 2 
ray is the heat developed at ordinary temperatures and under constant 
pressure, and can be taken directly from thermochemical tables. Of 
f\course the equations (8), (9), and (16) must be always used when it is 
a 


[) The specific heats of hydrogen, oxygen, and water vapour have been recently 
‘redetermined by Pier (Zeitschr. f. Hlectr.15. 536) ; this has necessitated slight altera- 
|tions in the above calculation.—Tr. ] 
3A 


(23 THEORETICAL CHEMISTRY BOOK IV 


a question of testing the theorem we have developed, but the calcula- 
tion of numerous examples has shown that the above approximation 
formula is very well suited to obtain with the help of thermochemical 
tables a fairly accurate idea of the state of equilibrium inasystem. In 
the following paragraph a few examples of this kind will be discussed. 


Discussion of a few Examples.—Let us first consider the case 
when >v=0, i.e. when as many gaseous molecules disappear in the 
reaction as are formed. ‘Then we have 


Sv. 1:75 log T=0, 


and it is also to be noticed that the expression 2vC is not very con- 
siderable because of the approximate equality of the values for C. If 
the heat of reaction is also small in this case, as, ¢.g., in the reaction 


H, + 1,=2H1, 


or even exactly zero, as in the passage of one optical isomer into its 
antipode, then K’ will be nearly or exactly =1. This means that the 
components in equilibrium have approximately (or exactly) equal 
partial pressures. This is entirely confirmed by experiment; besides 
the examples already given may be mentioned the formation of esters, 
the classical case of chemical equilibrium. As the formation of gaseous 
ethyl acetate and water from the vapours of alcohol and acetic acid 
takes place with an inconsiderable heat of reaction, it follows that, as 
in the case of hydriodic acid, an equilibrium is established in which all 
the components take part in appreciable concentrations, and as the 
vapour tensions of the four substances are not very different, such an 
equilibrium must also occur in the liquid mixture. 

If, on the other hand, a considerable development of heat takes 
place, as in the reaction 


H, + Cl, = 2H, 


then the right-hand side of equation (21) is strongly negative at low 
temperatures, 7.¢. there is practically no free hydrogen and chlorine 
at equilibrium; it is only at high temperatures that the right side 
approaches the value zero or at any rate becomes small, and we come 
into a range of perceptible dissociation. The reaction 


2NO =N,+0, 


also takes place from left to right with considerable evolution of 

heat, and consequently nitric oxide only becomes comparatively stable 

at high temperatures. The formation of acetylene from hydrogen and 

solid carbon 4 
i 20 CH, 

is similar to the last case. Like the formation of nitric oxide, it is 

attended with strong absorption of heat; acetylene can therefore be 
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formed from its components only at very high temperatures, and even 
| then only in minute quantities.1 

Let us now consider the case when the reaction is accompanied by 
a change in the number of molecules of the gaseous components ; the 
phenomenon of dissociation is the classical example of this. In these 
| cases the sum of the two last terms of equation (21) is positive and 
} may be not inconsiderable at fairly high temperatures. It follows 
that, é.g., although the reaction 


2NO, = N,0, 


akes place according to p. 667 with the fairly large development of 
| 12,500 calories, a pronounced dissociation equilibrium is established 
in the neighbourhood of T= 300, and that N,O, is almost quanti- 
_tatively decomposed at slightly higher temperatures. 

In the dissociation of many solid bodies, ¢.g. calcium carbonate, 
‘there are also more gaseous molecules on the right than on the left 
side of the equation ; this is still more pronounced in reactions like 
the dissociation of solid ammonium hydrosulphide (p. 662) 


NH,SH = NH, + HS. 


| For the same reason we observe in these cases a distinct dissociation 
jj pressure even at moderately low temperatures, although the heat of 
'} formation from the components may be considerable, as in the case of 
|ammonium hydrosulphide (22,800 cal.), or even very great, as in the 
| case of calcium carbonate (42,520 cal.). 

| Applying the above equation to the dissociation of calcium 
carbonate and similar processes, we obtain 


7 


—= Q * o 2 
et ag —~ge71pt log T+ 3:2, 


}where the chemical constant of CO, is 3:2. The temperature T, at 
} which the dissociation pressure is one atmosphere is therefore given 


be Qi 
£571T, 
AWhen T, is somewhere in the neighbourhood of 250-350, log T, 
ers only slightly with the temperature, and hence 


4°571 (1°75 iS T, + 3°2) = 34 approximately, 
boa therefore 


NIG (GS) log T, +3°2. 


a 
} . T, re Bie 
; This result has been actually empirically established by Le 


| 1 See v. Wartenberg, Zeitschr. anorg. Chem. 5O, (1907) and Zeitschr. phys. Chem. 
61. 366, and 68, 269 (1908), for a quantitative pe ation of the theory to these and a 
hr similat cases. 
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Chatelier and Forcrand; the new theorem not only explains in a 
simple manner the number found empirically (mean about 32), but 
also indicates the limits within which the law is true. It must fail at 
very low temperatures (at which, however, no examples have yet been 
found) and also at very high temperatures. The following table con- 
tains heats of dissociation of a number of carbonates, the observed 
vemperatures at which the dissociation pressure is one atmosphere, 
and also the temperatures calculated according to Le Chatelier, 
Forerand (T, calc. I), and according to the new theorem (T, cale. II). 
Only the latter agree satisfactorily with observations.+ 


Substance. Q’. T, (cale. I). T, (cale. II). T) (obs.). 
| AgCO, 20060 627 548 498 
| PbCO, 22580 706 ‘610 575 
| MnCo, 23500 741 632 about 600 
| CaCO, 42520 1329 1091 1098 
| SrCO, 55770 | 1743 1403 1428 


It may finally be pointed out that the chemical affinity of a 
process can now of course be calculated by means of equation (2), p 
704, from thermal data and the chemical constants. For example, 
the maximal work which can be obtained by the combustion of carbon 
can be easily determined with the help of the above approximation 
formula. We have 


A= —-RT nK’=Q+(3-2 - 2:8) 4-6T, 


when the resulting carbon dioxide has the same partial pressure as 
the disappearing oxygen. As the value of the second term is not 1 per 
cent of the heat of combustion Q at fairly low temperatures (e.g. 
at room temperature), we obtain in this simple way the same result 
already arrived at on p. 709, that A and Q are practically equal. 

It must be noticed that at higher temperatures the change of Q 
with the temperature materially influences the value of A. In a 
similar manner we can of course calculate easily the maximal work 
to be obtained by the combustion of petroleum, etc.; this is only 
possible at present with the help of the above formula, for measure- 
ments of equilibria have not been carried out, and, ndeed, would be 
scarcely practicable. 

It is clear that there lies before us the task of determining mor: 
accurately the values of C and the higher terms of equations (8), (9), 
and (15), by means of investigations of vapour pressures and specifi¢ 
heats, and then of working over afresh the whole of chemistry from 
the standpoint of Thermochemistry. But it may be already said that 


1 Brill, Zeitschr, phys, Chem. 57, 736 (1907). 
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the relations between heat and chemical energy, for the discovery of 
| which Berthelot’s principle was a temporary guide, have now been 
| firmly established in their proper lights. 


Besides the literature already mentioned the following researches within 

the range of the new theorem may be referred to: E. Falck, Physik. 

| Zeitschr. 9. p. 483, 1908; R. Naumann, Diss., Berlin, 1907; Barker, Diss., 

| * Berlin, 1909; H. Schottky, Zeitschr. phys. Chem. 64. p. 415, 1908; M. 

Trautz, Zeitschr. fiir Elektrochemie, 1908, p. 534. Chapter VII. of this book 
contains further applications. 


CHAPTER VI | 


ELECTRO-CHEMISTRY I | 
7 
GENERAL FACTS 


Electrolytic Conduction.—The transport of electricity in conducting 
substances may happen in two different ways, with or without simul- 
taneous transport of matter. The latter happens in the case of 
metallic conductors, and the former in electrolytic conductors ; these are 
also called conductors of the “first” and ‘ second” classes, respectively. 
The nature of metallic conduction is little known. On the other 
hand, we have very detailed conceptions of the nature of electrolysis, 
which has so often been a common link in the histories of physics 
and chemistry. It consists in a chemical decomposition which over- 
comes the strongest affinities by means of the electric force, the study © 
of which has long been the favourite occupation of students of 
physics. 
In considering the theory of electrolytic dissociation (p. 353), we : 


| 
| 
| 
. 
: 


saw how the process of the conduction of the current was caused by 
the displacement of the free ions (i.e. ions which are not united with — 
each other to form electrically neutral molecules) in the solution under ~ 
the influence of electric force ; the positive ions migrating from anode 
to cathode, and the negative ions in the opposite direction. 

Hence a solution conducts electricity better, the more numerous 
the ions, and the smaller the friction which the ions encounter in their 
migration. 

This conception may now be applied, unchanged, to every subs 
stance which conducts electrolytically,—whether gaseous, liquid, or 
solid,—whether simple or a mixture. 

The electric charge of the ions is equally great whether they occur 
in solution, or in a substance of simple composition ; this follows from 
the fact that the fundamental electrolytic laws of Faraday hold good 
for fused salts as well as for aqueous solutions. ; 

The most important features of electrolytic conductivity in solution, 
and in particular in aqueous solution, have been already discussed with 
the theory of electrolytic dissociation, and the doctrine of affinity. . 

726 
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The conductivity of simple substances, as, ¢.g., of fused salts, like 
that of solutions, is obviously directly proportional to the degree of 
dissociation, and inversely to the friction of the ions. But it has not 
yet been possible to reduce the observed conductivities to these two 
factors ; because here, of course, there can be no occurrence of a 
phenomenon, analogous to the changes of concentration near the 
electrodes, due to the Hittorf transportation in solutions. And thus 
we cannot state how large a fraction of the total molecules present in 
a fused salt is decomposed into ions, although an indirect solution of 
the question may be possible. 


Electrolysis When a system composed of conductors of the 
first class is traversed by a galvanic current, thermal action (Peltier’s 
effect) takes place on the surface between different conductors ; and 
also heat (Joule’s heat) is developed in the whole circuit ; but there is 
no migration of matter associated with the passage of the electricity. 

But, on the other hand, when the galvanic current passes through 
conductors of the second class, then, in addition to the above phenomena, 
there occurs w transportation of matter (migration of the ions); and also 
on the boundaries between the conductors of the first and second 
classes, there occur peculiar chemical processes, which consist primarily 
in the solution of the electrodes or in the separation of the ions from 
the electrolytes, but are usually complicated by secondary reactions 
between the electrolyte and the separated products. 

If two similar metallic electrodes dip into an electrolyte (a solu- 
tion, or a fused, or a solid, salt), then the current J in a circuit formed 
by the electrolytic cell of resistance w and a source of electricity of 
electromotive force E, and resistance W, is, according to Ohm’s law, 

: i ee 
Ww 
This assumes that there are no changes produced by the current 
_ in the electrolytic cell, of such a nature as to make it a source of 
| E.M.F. But it usually happens in the process of electrolysis, that 
| either the nature of the surface of one electrode is changed, whether 
by having another metal precipitated upon it or by dissolving 
_ (occluding) the separated gases, or else the composition of the electro- 
_ lyte bathing the electrode is modified in some way. 
In all such cases a resistant electromotive force is produced in the 
cell, the so-called galvanic polarisation ; if we denote the value of this 
by «, then the strength of the current falls to 


E-« 


1 Wor water, which is at ordinary temperature an electrolyte, though a very poor 
one, the problem has actually been solved indirectly ; see p. 519. The monograph by 


~ R. Lorenz, Elektrolyse geschmolzener Salze 1. and Il. (1905, W. Knapp), contains our 


ie present knowledge on conduction in fused salts. 
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The quantity of ions separated by the current may be ascertained 
by means of the law discovered by Faraday in 1833; according to 
this, the quantity of the ion separated in unit time upon the 
electrode, is proportional to the intensity [strength] of the current ; 
and the same quantity of electricity will, in the most different 
electrolytes, electrolyse chemically equivalent quantities of ions. 

When the chemical value of the ions is capable of changing, of 
course the meaning of chemical equivalence changes; thus the same 
current which separates 200 g. of mercury from a solution of mercurous 
nitrate HgNO,, will separate 100 g. of mercury from a solution of 
Hg(CN),. 

The quantity of electricity that suffices to deposit one electrochemical 
gram equivalent is 


Sh, 
1-035 © 
and will be expressed by ¥ (Faraday). 


10° = 96,540 coulombs (ampere seconds) 


The Development of Electrical Energy by Chemical 
Systems.—Several different forms of apparatus are known which are 
capable of developing the galvanic current, and of transforming into 
electrical energy heat (thermopiles), mechanical energy (dynamos), 
or chemical energy (galvanic cell). We shall consider only apparatus 
of the last-named category. 

A chemical system in which the changes of energy, associated with 
the changes of matter, succeed in producing electromotive activity, is 
called a galvanic element. As the galvanic current is associated with 
changes of matter only in conductors of the second class—electro- 
lytes—and as, on the other hand, it is only in electrolytes that changes 
of matter tend to produce galvanic currents, therefore the galvanic 
elements must contain substances which conduct electrolytically. 


Hitherto these have been almost exclusively aqueous solutions, and in 4 


isolated cases molten salts. 

Galvanic elements can be constructed either only by means of 
substances which conduct electrolytically, or else with the help of 
conductors of the first class (ze. electrodes of metal or carbon). In 
the first category are included the so-called “ liquid cells,” which are 
formed by arranging in series, water solutions of electrolytes (acids, 
bases, and salts) ; by such means the electromotive forces developed on 
the contact surfaces between the metals and liquids, are completely 
eliminated. These liquid circuits have been the subject of repeated 
investigation, by du Bois-Reymond (1867), Worm- Miller (1870), 
Paalzow (1874), and others. 

These circuits have recently increased in interest because an 
insight into the manner in which they develop their current has been — 
obtained by means of the modern theory of solution (Chap. VIIL.); — 


i 
| 


b. 
i) 
fat: 
; 
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the electromotive force is produced simply by the mingling of the 
various solutions. 

The process by which current is produced in other galvanic 
elements is also in most instances simple and clear. The current 
brings about certain changes in the element producing it, which changes 
can almost always be predicted from a knowledge of the nature of the 
electrode, and of the liquid which bathes it. 

Thus in the cell of Volta, ¢.¢., 


Zn | H,SO,aq. | Cu, 
the metal of the negative electrode, zinc, goes into solution. and 
hydrogen is developed on the positive copper pole. 
In the Daniell element, 
Zn | ZnSO,aq. | CuSO,aq. | Cu, 


the process which develops the current can be expressed by the 
eo 
Zn + CuSO, = Cu + ZnSO,. 


In the Clark element, 
Zn | ZnSO,aq. | Hg,SO, | Hg, 
which consists of mercury covered with mercurous sulphate, a saturated 
solution of zine sulphate, and metallic zinc, zinc goes into solution at the 
negative pole and separates out on the positive pole; but instead of 
forming an amalgam with the mercury, the solid mercurous sulphate 
is reduced according to the equation 


Zn + Hg,SO, = ZnSO, + 2He¢. 


All of these chemical processes occur in accordance with Faraday’s law. 
If the same quantity of electricity passes through the most different 
galvanic elements, the decompositions are all (electrically) equivalent. 


The experimental determination of electromotive forces is most easily 


| carried out by comparison with a standard cell, such as the Clark element, 
which has a potential reliable to within one part in a thousand; its value 


in international volts according to Jager and Kahle is } 
E,= 1:4292 — 0-:0012 (t — 18). 


Recently the Weston cell has been preferred ; this is constructed in the 
same way as the Clark cell, but instead of zinc and zinc sulphate cadmium 
and cadmium sulphate are used. The electromotive force of this cell (see 
the preceding referencés) is 


E, = 10187 — 0:000035 (t — 18), 


| that is, for most purposes may be regarded as independent of temperature. 


For very exact measurements of electromotive force it is desirable to use 

. iL 
1 Zeitschr. k Be maa miunde, 1898, Heft 6, p. 161; Wied. Ann. 65. 926 
(1898). 
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both cells, as they can be constructed without aiftioulty. AER ‘details of the 
measurements see Kohlrausch, Leitf. d. Phys. 9th edit., and especially 
W. Jager, Normalelemente, Halle, 1902. - ‘ 

Special Electrochemical Reactions.—In tie electrolysis of, 
e.g., hydrochloric acid, the ions are directly deposited in a neutral 
condition as gaseous hydrogen and gaseous chlorine, but more often 
this is not the case, but complications occur from the action of the 
ions on each other, on the metal of the electrode, or on the solvent, 
or, finally, on other dissolved substances. The following reactions 
which are intelligible without further explanations may be taken 
as examples :— 


20H + 2@ = H,0 +50, 
2CH,COO + 2@ = C,H, + 2C0, 


Cl+@ + Ag=AgCl 
Zn + 26 + 2H Oz Zn(OH), + Hy 


Cl+ @ + FeCl, = FeCl, 
+ 
2H +20 + H,0, = 2H,0. 


All these reactions may be regarded as due to the action of 
positive and negative electrons on the electrolyte, p. 395; the intro- 
duction of negative electrons into the reaction indicates that the 
reaction takes place at the cathode, where the positive ions (cations) 
are deposited, and similarly the occurrence of positive electrons 
indicates that the reaction takes place at the anode. The number of 
electrons occurring in the reaction gives at the same time the 
number of F’s which are required for the electrochemical reaction — 
in question. ; 


For more precise knowledge of the nature of electrochemical principles 
it is indispensable to know the most important electrochemical reactions ; 
for this we may refer to the excellent work of W. Borchers, Hlektro- 
metallurgre, 3rd edit, (Leipzig, 1903, Hirzel), F. Haber, Grundriss der 
technischen Elektrochemie auf theoretischer Grundlage (R. Oldenbourg, 
Miinchen-Leipzig, 1904), and B. Neumann, Theorie und Prams der analytischen 
Llektrolyse der Metalle (W. Knapp, Halle, 1897). For the experimental 
study we may note as introductions to practical electrochemical work the 
writings of W. Loeb (Leipzig, 1899), R. Lorenz (Gottingen, 1901), and K. 
Elbs (Halle, 1902). Le Blane gives a short account of theoretical electro- 
chemistry in his Lehrbuch der LElektrochemie, 4th. edit. (Leipzig, 1906) ; : 
while F. Foerster has published an excellent hook on Elektrochemie wiissriger 
Losungen (Leipzig, 1905, A. Barth). 


CHAPTER VII 
ELECTRO-CHEMISTRY II 
THERMODYNAMIC THEORY 


Electrical Work.—-Electrical work is given by the product of the 


_ potential (volts) and the quantity of electricity (coulombs) ; the unit 


of electric work is the volt-ampere-second, or, more briefly, the watt 
second, and is performed when a current of one ampere flows under a 
difference of potential of one volt for one second. In absolute measure- 
ment the volt is 10°, the ampere 10-1, so that the watt second is 


10’ absolute units (em? g sec~?), 


or according to p. 12 
107 
41,890,000 

This amount of heat is evolved, for example, when a current of 
1 ampere flows for one second through a resistance of 1 ohm. 

To deposit one electrochemical gram equivalent is needed 96,540 
coulombs, which number we have already designated F. When a 
galvanic cell of electromotive force E yields so much current as 
suffices for the chemical conversion of one gram equivalent the work 
done is 


= 0°2387 cal. 


EF watt seconds = 96,540 x 0:2387 x E= 23,046 E cal. 


Tf an electrolytic cell has a back electromotive force « the work 
needed to decompose one gram equivalent of the electrolyte is «F’. 


Application of the First Law of Thermodynamics.—lIf a 
galvanic cell of electromotive force E and internal resistance W is 
closed by a resistance w, then, according to Ohm’s law, the current is 
E 


ene eee 
W+w 


pi and the heat evolved in the external circuit is 


x ie = e b 
wt OW ae 


32 THEOERTICAL CHEMISTRY : BOOK IV 


If W is very small compared with w all the electrical energy 
given out by the cell is spent on the external circuit and we have 


: Ler ek 
wt =— t=vFE, 
Ww 


where the number of F’s yielded by the element is given by 
it = vF, 

If U is the heat of reaction of the process that yields the current 
per gram equivalent of chemical conversion, a cell which is short 
circuited and enclosed in a calorimeter will give the thermal effect 
vU, when v gram equivalents are converted; for, according to the 
law of conservation of energy, the thermal effect is the same in what- 
ever way the chemical transformation may take place. But if the 
electrical circuit is placed outside the calorimeter, the heat developed 
in the calorimeter will be less by the amount i?wt, and if w is great 
compared with W the conversion of v equivalents will yield in the 
calorimeter the quantity of heat 


vU — wt = (U — FE) 
or per gram equivalent in the cell the heat 
H=FE-U 


will be absorbed. H may conveniently be described as the latent heat 
of the cell. 

If we may make the supposition that H is negligible, it follows 
that 

Ui 
= 
that is, the electromotive force of the cell can be directly calculated 
from the heat of reaction. Experience shows that in many cases, 
especially in those in which U is large, this assumption holds; it is 
not permissible, however, to make the assumption tacitly. 

In the following we will describe the heat of reaction im electrochemical 
processes by U, bearing in mind that in practical applications the 
systems of units in which E and U are respectively expressed, must 
be taken into consideration. 

It was long believed and is still occasionally stated that in a 
galvanic cell the decrease in total energy which is associated with the 
chemical change, that is the heat of reaction, is the direct measure of 
the electromotive force, or, in other words, that the chemical energy 
is simply converted into electrical; this assumption would involve 
the equation 


E 


RUE 


as has already been remarked above ; if U is measured in calories and 
Hi in volts we should have, according to the above, 


: 
{ 
j 
j 


Se 


ee. a 


ee ees 
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U 
B= 93 046 volt. 

This relation was put forward tentatively by v. Helmholtz (1847) and 
W. Thomson (1851), and is commonly known as Thomson’s law ; i 
would follow from the law of conservation of energy if a galvanic cell neither 
rose nor fell in temperature when yielding current, that is, if it neither 
gave heat to its surroundings nor withdrew heat from them, but 
though this is often approximately the case it is not accurately true. 
It was long considered that the difference between calculation and 
observation was due to errors of experiment, but this view was com- 
pletely disproved by the experimental investigations of Thomson,! 
and especially Braun,? and by the thermodynamic treatment of v. 
Helmholtz given below, which led to new and very careful measure- 
ments, and finally controverted Thomson’s rule both experimentally 
and theoretically. 

The unqualified recognition which this rule long enjoyed was 
largely due to the circumstance that in the first case to which it was 
applied it agreed very well with observation; in the Daniell cell, 
namely, the electromotive force has almost precisely the value which 
was calculated from the heat of reaction. The heat of formation of 
one equivalent of zinc sulphate from metal, gales and very dilute 
sulphuric acid is 


5 a O, SO,, aq.) = 53,045, 
and for copper sulphate the corresponding amount is © 
2 (Cu, 0, SO,, aq.) = 27,980. 


The difference between these two values, 
53,045 — 27,980 = 25,065, 

gives the change of energy associated with the transport of unit 
amount of electricity from the cell and consequently with the deposition 
of 1 gram equivalent of copper from the solution of its sulphate by 
zine ; according to Thomson’s rule, therefore, the electromotive force 
of the Daniell cell should be 

_ 25,065 

~ 23,046 


whilst direct, measurement gives 1:09 to 1:10. Similarly good agree- 
ment is found for combinations of the type of the Daniell cell in 
which silver replaces copper and cadmium replaces zinc in the solu- 
tions of their salts. 
Thomson’s rule, however, fails altogether in liquid cells and con- 
centration cells; here the current-yielding process consists simply in 
be Weed, Ann. 11, 246 (1880). 2 Wied, Ann. 17. 593 (1882). 


= 1:088 volt, 
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the mixing of solutions of different concentrations, and if the solu- 
tions are sufficiently dilute the heat of reaction is nothing, whilst the 
electromotive force can reach a considerable amount. We shall 
subsequently become acquainted with a whole series of a galvanic 
combinations in which there are large differences between the observed 
electromotive force and that calculated thermochemically. 

Just the same considerations apply to electrolytic processes, where 
instead of electromotive force E of the galvanic combination we have 
the opposing electromotive force of polarisation « (p. 727). Here also 
only approximate agreement is to be found ; for example, to electrolyse 
dilute hydrochloric acid requires about 1°3 volt, whilst the heat of 
reaction is, according to the equation, 


ut Cl,) = 22,000 
(HCI, aq.) = 17,310 


Total = 39,310 

and therefore we have 
_ 39,310 
*~ 23,046 
it must also be remarked that U is independent of the concentration 
of the hydrochloric acid, whereas « is not so (see Chap. VIII.). The 
galvanic polarisation of a common salt solution calculated from the 

thermodynamic equations 


(Hy Cl,) = 22,000 


(ACI, aq.) = 17,310 
(HCl aq., NaOH aq.) = 13,700 


list: 


Total = 53,010 
gives 


_whereas experiment shows it to be about 2:0 volt. 


Reversible Elements.—When we send the same quantity of 
electricity through a galvanic cell, first in one direction, and then in 
the opposite, we must distinguish between two cases. The element 
may return to the original state or not. An example of the first case 
is given by the Daniell cell, 


Zn | ZnSO, | CuSO, | Cu. 
If unit quantity of electricity (measured electrochemically) is sent 


through this cell in the direction from left to right, then an equivalent 
of zinc goes into solution at one pole, and an equivalent of copper is 


3 | 
\ oe a 
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precipitated upon the other pole. Then if the same quantity of 
electricity is sent through the cell from right to left, an equivalent of 
copper goes into solution, and an equivalent of zinc separates out. 
Thus the system returns again to its original condition. 

An example of the second case is given by Volta’s cell, combined 
according to the scheme, 


, Zn | H,SO, | Cu. 


If unit quantity of electricity pass through this cell from left to right, 
an equivalent of zinc goes into solution at the zine pole, and an 
equivalent of hydrogen is set free at the copper pole. Then when the 
same quantity of electricity passes back from right to left, an equivalent 
of copper passes into solution at the copper pole, and at the zinc pole 
an equivalent of hydrogen is set free. Thus, at the end of the experi- 
ment, an equivalent of copper and an equivalent of zinc have passed 
into the solution, and two equivalents of hydrogen have been set free 
from the system. 

In the first case, the heat developed during the cyclic process, and 
also the external work performed, are both equal to zero. Therefore 
the element must possess the same electromotive force, whether the 
current flows in one direction or the opposite. 

But, in the second case, there must be compensation for the 
chemical changes produced in the course of the experiment ; this can 
only be found in the fact that the sum of the work performed in the 
passage of unit quantity of electricity first in one direction and then 
| in the other through the cell, has a certain definite value ; i.¢. that the 
element has a different electromotive force in the two cases. This is 
possible only when an opposite electromotive force is developed by the 
passage of electricity, that is when the element is polarised. 

We therefore call these two classes of cells non-polarisable and 
polurisable, or non-reversible and reversible, respectively. A kind of 
_ intermediate link between these two groups is found in such elements 
| as Grove’s cell (platinum, nitric acid, sulphuric acid, and zinc); these 
' are non-polarisable in one direction, namely in that-in which they 
produce current ; but they become polarised by leading the current 
through in the opposite direction. 

. Strictly speaking, all reversible batteries can be used as accwmu- 
lators, and, conversely, all good accumulators must act reversibly. 
Only the reversible elements work rationally, i.c. with the maximum 
_ efficiency ; the cells which are non-reversible are comparable to badly 
_ built steam-engines, which work with leaky pistons and valves. This 
_ faet justifies our dealing mainly with cells which work ideally, z.e. with. 
_ those which are reversible. 

‘3, In the first place, it is indispensable, for the reversibility, that the 
‘i processes taking place at the electrodes shall be reversible. A metal plate 
which dips into a solution of one of its salts is a “ reversible electrode” 
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of this sort; because, by the passage of the current from the electrode 
into the solution, metal only passes into the solution, and when the 
current passes in the opposite direction the metal passes back from 
the solution to the metal plate. Thus the change is reversible. Such 
electrodes may be called ‘ reversible electrodes of the first class.” 

These electrodes can also be suitably called “electrodes which are 
reversible as regards the cation,” because the transfer of electricity is 
limited exclusively to the cation. 

Similarly, “ reversible electrodes of the second class” may also be called 
“* electrodes which are reversible with reference to the anion.” 

Thus, ¢.g., if we cover a piece of silver with a layer of AgCl, and 
then dip the electrode so prepared into a solution of a chleride, as 
KCl, the conditions required for an electrode of the second class are 
fulfilled. The passage of electricity from the electrode to the electro- 
lyte can only take place by chlorine ions (obtained by the reduction 
of the AgCl) going into solution; or, when the current is in the 
opposite direction, the chlorine ions will be precipitated upon the 
electrode, uniting with the silver to form AgCl. In both cases the 
electronegative ions accomplish the transport of the electricity from 
the electrode to the solution, 1.e. the electrode described behayes as 
though it were a modification of chlorine, which conducts like a metal, 
and, therefore, it completely satisfies the condition of reversibility. 

In general, every metal covered with one of its insoluble salts, in 
which it forms the basic ingredient, and placed in a solution of another 
salt containing the same electronegative ingredient as the first salt, is 
an ‘‘ electrode which is reversible as regards the anion.” 

It is preferable to use mercury as the metal, because, being a 
liquid, its surface remains in the same condition ; and also, because it 
forms a large number of insoluble compounds with negative radicals. 

Since such insoluble compounds render the electrode unpolarisable 
they are called depolarisators. 

Reversible galvanic elements ey, therefore be divided into the 
three following “classes — 

1. Those composed of two reversible electrodes of the first class, 
as, ¢.g., the Daniell element. 

2. Those composed of one reversible electrode of the first class, 
and of one reversible electrode of the second class, as, ¢.g., the Clark 
“ normal” element. 

3. Those composed of two reversible electrodes of the second class; 
no use has thus far been made of any element of this last type. 


The Conversion of Chemical Energy into Electrical 
Energy.—tThe relations between the heat development of the current- 
generating process of a reversible galvanic cell, and the external work 
performed by this element, 7.2. 2s electromotive for ce, can be arrived at 
by means of a cyclic process, 


.< , 3 
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We will allow the galvanic element having the electromotive force 

E to perform the work E, at the temperature T, whereby an equivalent 
of the positive metal is precipitated upon the positive pole, and an 
equivalent of the metal of the negative pole goes into solution. Let 
U denote the heat of reaction associated with these chemical processes. 
It can be calculated from the thermochemical data; in the Daniell 
_ element, ¢.g., it corresponds to the difference between the heats of 


formation 
(Zn, SO,, aq.) — (Cu, SO,, aq.). 


The heat developed in the element is equal to the heat of reaction 
minus the external work, z.e. 


ans: He 


We will now bring the element from the temperature T to T + dT, 
whereby the electromotive force will change from E to H+dE; and 
reverse the chemical change in the element by sending in unit quantity 
of electricity in the opposite direction. This requires expenditure 
of the work E+dE, and there occurs an absorption of heat 


- amounting to 
U+dU -E-dE. 
After cooling to T the system comes again to its original condition. 
Now, during this reversible cyclic process, the work dE is performed 
from without; and at the same time the quantity of heat, E—U, is 
taken from T+ dT to T. 
But now, according to the law regarding the conversion of heat 
into external work, it follows that 


I dT 
| dE =(E-U)o> 
# or 
dE 
My eae rt (LY 


According as the electromotive force of the element increases or 
_ decreases with the temperature, 


E>U, or E<U. 


Drhat i is, the electromotive force will, respectively, be greater or smaller 
" than the heat of reaction of the chemical processes which produce the 
i | galvanic current, 

The preceding equation, which may be obtained directly from the 
ly fundamental equation on p. 23, by setting the change of the free 
) ; energy A equal to E, was first derived by H. v. | Helmholtz, and was 
soon after subjected to an experimental test by COzapski ; ;? its correct- 


be. 1 Sitzungsber. der Bert. Ahad. for Feb, 2 and July 7, 1882; Ges. Abn. Bad. II. 
ie 2 Wied. Ann. 21. 203 (1884) ; see also Gockel, ibid. 24. 618 (1885). 

: if 

fh 3B 
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ness was thus shown by these experimental results, together with 
those of Jahn.? 

Experience teaches that there are reversible galvanic elements 
with positive temperature coefficients, as well as with negative; and 
_ therefore sometimes a greater and sometimes a smaller amount of 
external work can be obtained than is equivalent to the heats of 
reaction of the chemical processes producing the current. 

The recent and very exact researches of Jahn (.c.), who determined 
directly by means of a Bunsen ice calorimeter the amount of heat (U) 
developed in the whole closed circuit of a galvanic element, clearly 
proved that the difference E— U is by no means always equal to zero, 
and can only be neglected in comparison with the total change of 
energy. 

The following table contains the values of the electromotive 
force E, for a number of combinations, expressed both in volts and 
also in cal.; and also the heat of reaction of the chemical changes 
referred to 1 g. equivalent. An example may serve to show how the 
calculation is carried out. 

It was found for the Daniell cell at 0° 

E = 25,263, U=25,055, E-U=208 cal. ; 
on the other hand, its temperature coefficient is 
E 
ar=t 0:00034, 
from which, according to Helmholtz’s formula, 
E-U=0°'00034 . 23,046 . 273 = 213 cal. 


The agreement is amply sufficient, considering the uncertainty of the q 
slight difference between E - U. 


E expressed in Bus 
Combination. (eee ee eee U. 
Volts. g.-cal. Obs. Cal. 
Cu, Cu(C,H,0,),aq- [peers 
Pb, PL(CyH,0,),-+100 H,o 0470 | 10,842 | 8,766 | +2076 | +2392 
Ag, AgCl : 5 
Zn, ZnCly+100 H,O 1015 | 23,453 | 26,023 | -2570 | —2541 
Ag, AgCl 
Zn, ZnUly+50 H,0 1001 | 28,146 | 24,456 | -1810 | - 1305 
| 
Ag, AgCl : 
Zn, ZnCl, +25 H,0 0-960 | 22,166 | 23,493 | -1327 | —1255 
Ag, AgBr 
Zn, ZnBr, +25 H,O 0°828 | 19,188 | 19,882 | - 644 | — 663 


1 Wied. Ann. 28, 21 and 491 (1886) ; see also Jahn, Hlektrochemie, Wien, 1895. " 


/ 
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A combination found by Bugarszky,} 
Hg | HgCl— KCl— KOH - Hg,0 | Hg, 


is especially interesting. This cell yields an electromotive force of 7566 cal., 
and the current given by it is from right to left, so that the current- 
producing process is— 


Hg + KOH = }Hg,0 + 51,0 + KCl, 


This process, however, occurs with absorption of heat (U = — 3280), that is 


: Meee, : ‘ dE 3 
an endothermic reaction is here electromotively active. Tat according 


to Bugarszky = + 11,276, which is very considerable, and according to 


Helmholtz’s theory U=E-T = = — 3710. 


Galvanic Polarisation.—I{ we electrolyse a system in equilib- 
rium the decomposition caused by electrolysis produces a displacement 
of equilibrium. This of course needs the application of a certain 
amount of external work which is performed by the galvanic current. 
It follows necessarily from this, that the current which is transmitted 
| through the system has to overcome an opposing electromotive force. And 
from this there follows this theorem: if we electrolyse a chemical system, 
| which is kept at constant temperature, a reaction takes place in such a way as 
| to oppose, in an electromotive way, the passage of the current through the 
_ system. This principle is included under the more general one of 
| action and reaction, stated on p. 676. 

As remarked on p. 727, the intensity of the current in a circuit 
which contains the electromotive force E and an electrolytic cell is 
given by the expression 


if the polarising force is equal to the back electromotive force we shall 
get equilibrium, that is the electrolytic cell forms a galvanic element of 
electromotive force E=«. Hence the formula 


de 
ea What aT 
|. will, according to p. 737, apply to it. It is to be remarked, however, 
| that U, the heat of reaction of the process yielding the current, can 
rarely be determined with certainty, because polarisation is commonly 
_ due to extremely small quantities of substances occluded by the 
| electrodes or by changes of concentration in the immediate neighbour- 
hood of the electrodes, which are difficult to define. For these reasons 
the above formula has only been applied in a few cases. 
Moreover, «is usually considerably less than E on account of certain 


1 Zeitschr. anorg. Chem. 14. 145 (1897). 
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irreversible processes, such as convection, diffusion, and the like; see 
especially von Helmholtz (Sitzwngsberichte der Berliner Akademie, 1883, 
p. 660; Ges. Abh, vol. iii.). 

The thermal effects which accompany polarisation have been very 
thoroughly studied by H. Jahn.! 


Thermodynamic Calculation of Electromotive Forces from 
Vapour Pressures.—Since the electromotive force of a reversible 
galvanic cell measures the maximal work which the current-yielding 
process can give, and since at any given temperature this amount of 
work is perfectly defined, we can calculate the electromotive force of any 
combination if we know the affinity of the current-yielding reaction. This 
has been done, in the first place, with so-called concentration cells 
in which the current-yielding process consists simply in the mixing of 
solutions of different concentrations. The calculation was first carried 
out in 1877 by Helmholtz ;? if two copper electrodes are dipped into 
two communicating cells of a copper salt, copper is dissolved in the 
dilute solution and precipitated from the more concentrated; the 
process which yields the current is therefore the equalisation of 
concentration of the solutions round the two electrodes. The maximal 
work to be obtained in this case can be calculated in various ways, 
most simply by means of isothermal distillation, as shown on p. 110, 
and it follows that this work must be equal to the electromotive force, 
as is confirmed by experiment.? In more recent times I have 
considerably simplified the theory of Helmholtz for dilute solutions by 
application of van’t Hoff’s law, and by making use of reversible 
electrodes of the second kind (see the following chapter) subjected it to 
a relatively exact experimental proof.4 


A different kind of concentration cell was subsequently studied by 
G. Meyer,® after Tiirin® had given a theoretical discussion of it. In an 
element which follows the scheme 

Concentrated amalgam | Solution of a salt of the | Dilute amalgam 

metal dissolved in the 
} amalgam / 

the current which it yields transfers metal from the more concentrated to 
the dilute amalgam ; and since the process is reversible, the electromotive force 
of the cell is again the measure of the maximal work which can be obtained 
from the current-yielding process. On the other hand, the osmotic pressure 
of the metal dissolved in the mercury measures the same quantity, and 
hence by determining the electromotive force of cells constructed according 
to the above type the osmotic pressure of the dissolved metal may be ob- 
tained. In all the cases experimented on (Zn, Cd, Pb, Sn, Cu, Na) it 


1 Zeitschr. phys. Chem. 18. 399 (1895) ; 26. 385 (1898) ; 29. 77 (1899). 
2 Wied. Ann. 8. 201 (1877) ; Ges. Abhandl, i. p. 840. 

3 J. Moser, Wied. Ann. 14. 61 (1881). 

4 Zeitschr. phys. Chem. 4, 129 (1889). 

5 Ibid. 7.477 (1891). 8 Tbid. 5. 340 (1890). 
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appeared that (1) the osmotic pressure is proportional to the concentration 
of the metal dissolved in mercury, and (2) that its value (to within a small 
percentage) is that calculated from the temperature (mostly 18-20°) and 
concentration of the amalgam on the assumption that the molecular weight of 
the dissolved metal 1s identical with its atomic weight; the latter result is in 
complete agreement with other determinations of the osmotic pressure of 
metals dissolved in mereury (see p. 406). 

The preceding considerations applied to the equilibrium between solid 
and liquid states of aggregation show that at the melting-point of a metal, 
electrodes in the solid and liquid states must possess the same electromotive 
activity; the force of an element therefore suffers no change when the 
electrode melts, which is in agreement with the experiments of Miller. 


Application of Thermodynamics to the Lead Accumulator. 
—The thermodynamic treatment given above has been applied to the 
lead accumulator in a very interesting paper by F. Dolezalek.2 If 
we assume that the current-yielding process is, as suggested by Planté, 
expressed by the equation 

PbO, + Pb + 2H,SO, = 2PbSO, + 2H,0, 


the electromotive force must clearly increase when the concentration 
of the sulphuric acid is increased and that of the water decreased. If 
two lead accumulators filled with acid of different concentrations are 
| opposed to one another, the current-yielding process of the combination 
| is simply that for two F's two mols of sulphuric acid are transported 
| from the first accumulator to the second, and at the same time two 
mols of water from the second accumulator to the first. If p, and p, 
_ are the vapour pressures of the sulphuric acid, P, and P, those of the 
|| water in the two accumulators, the work done per F, which is accord- 
yo ingly the electromotive force AE of the combined eet is 


\ 
AE= RT(In Peamee tere” ea 
Po ey 
ha The vapour pressures of water over aqueous sulphuric acid are known 
_ (p. 160); those of sulphuric acid are impossible to measure on account 
| of their smallness. According to the considerations on p. 112 we can 
 ealeulate the vapour pressure of one of the components of a mixture 
when we know that of the other as a function of the composition. We 


| may therefore express In in equation (1) by means of the vapour 


i 2 
pressure P of water ;,we found (p. 113) 


Po eM ea 
ae +xIn5 =| mf dx, 
0 


1 Zeitschr. phys. Ohem. 10.459 (1892). 
a. 2 Zeitschr. f. Elektrochemie, A. 349 (1898); Wied. Ann. 65. 894 (1898) ; see also 
ie, ory the monograph by the same author, Theorie des Bleiakkumulators, Halle, 1901, 
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and this may be applied to the two solutions, of which one contains 
x, and the other x, mols of water for one mol of sulphuric acid, and 
yields : 


In Pi _x, i eg ee: i ore [x Padae 


2 
e/ 


hence 


AE=RT(x, In P,-x, In Py {n P dx +In¢2)- 
af 


mai 
In order to obtain AE in volts we must set 
R=0°861 . 10-4 


Dolezalek calculated the electromotive force of two accumulators 
opposed to one another also from the formula ’ 


OAK 
AE=U+T— 


where U can be calculated from the heat of dilution of sulphuric acid, 
AE 


OAT son : et 
and ay is given by the measurements of Streintz? on the variation 


of the temperature coefficient of the accumulator with the concentra- 
: : OAE . 

tion of the acid. Moreover Top is very small (0°02 volt as the 
maximum), which is in complete agreement with the considerations on 
p- 160, according to which the heat of dilution of a sulphuric acid 
mixture is almost the same as the maximal work done in dilution. 
The following table contains the results of calculation, and shows the 
striking agreement between the electromotive force caleulated in 
different ways and measured by different observers. 


ELEcTROMOTIVE ForcE or ACCUMULATORS oF DIFFERENT 
Drnsitizs or AcrIp 


Electromotive force H in volts (0°). 
’ P Vapour 
No. ae Hy60,. x. pigcsure Calculated Measured 
mm, Hg. = =e3 = 

from P, | from U. Dolezalek. | Streintz. 
ib 1°553 | 64°5 3 0°431 2°383 2°39 2°355 tare 
2 1°420 | 52°15 5 1:297 1 2:257 225 2°253 2°268 
3 1°266 | 35°26 10 2°975 (2°103) | (2°10) 271038 (2°103) 
4 1°154 | 21°40 20 4°027 2°000 2°06 2°008 1:992 
5 1°0385 5°16 | 100 4°540 1°892 1°85 1°887 1°891 


1 Wied. Ann. 46. 454 (1892). 
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During the charge of an accumulator the acid becomes, according to the 
above equation, more concentrated, during discharge more dilute ; accordingly 
during charge the electromotive force of the accumulator must rise, during 
discharge it must fall. If the charge and discharge are carried out with 
considerable current density, relatively large changes of concentration will 
occur at the plates, and accordingly the accumulator will show a noticeably 
higher electromotive force during charge and a noticeably smaller during 
discharge than corresponds to the normal value of 1:95 volt; this is confirmed 
by experiment. Accordingly we have in the accumulator a polarisation of 
a peculiar kind, namely a change in the concentration of acid which takes 
place in the same sense at both the positive and negative plates, although to 
a greater extent at the positive. The accumulator, which of all galvanic 
cells is by far the most important, is also, as Dolezalek has shown in the 
monograph mentioned above, one of the most interesting combinations from 
the thermodynamic point of view; the thermodynamic treatment has 
yielded the important result that the accumulator works reversibly in the 
sense of the above reaction. 


Electromotive Force and Chemical Equilibrium.—The 
maximal work that a chemical process can yield is, according to 
p. 658, 

CE elias 
A= RT aOR ORT arnt Rel die Raa. ; (1) 
if E is the electromotive force of a galvanic combination, in which the 
current-yielding process is given by a reaction to which equation (1) 
refers, we have 


Fee nae rote Whore se ita) 


These equations were developed in a somewhat different form, but in 
principle the same, by Helmholtz (1889).? 
To express E in volts it is necessary, according to p. 731, to put 
1-985 
~ 93,046 
These equations have recently been confirmed experimentally for 
the reaction 


= Oeeti 10s? 


TIC] + KSCN aq. =TISON + KCl aq., 


by C. Kniipffer,? who, at the suggestion of Bredig, measured both the 


chemical equilibrium in the above reaction, and Ge electromotive force 
of the combination —— a 


Tlamalg. |, TICl - KCl - KSCN - TISCN | Tl-amalg. 


Especially striking results were obtained by the application of the 
formule (1) and (2) to the “ knall-gas” cell : 


te 


1 Ges. Abh. iii. p. 1 
2 Zeitschr. phys. Chem. 26. ne (1898). 
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Assuming that hydrogen and oxygen are present under unit pressure, 


we have 


RT 1 
Ee == lites, 

4 Ty > 
where z, and z, are the partial pressures of hydrogen and oxygen in 
saturated aqueous vapour. At T= 290 (t=17°) for example, 


x= 0°48 x 10-Y, 


and reduced to the vapour pressure of water=0°0191 atm. at this 
temperature 

_ 0°48 x 10-25 
o \corr 


Hence +, = 0°0191 . 1:80. 10-7” atm, and 
_OO19T. 1°80. 10-2” atm. 


cu) 5 


“ 


= 1°80 x 10-®%, 


and we obtain : 
E = 0:01438 log! 4:92 . 10% = 1:2322 volt at 17°. 


This value, calculated by Wartenberg and myself,’ appeared at first 
sight improbable, as direct measurements—employing weakly acidic 
or alkaline solutions instead of pure water to avoid polarisation—had 
given the considerably lower value of 1:15. This difference, however, 
may be obviously explained by the fact that the oxygen electrode 
does not attain its full potential, so that we are probably dealing with 
the lower potential of an oxide of platinum. If the heat of formation 
of this oxide is low (which is extremely probable), we can easily 
understand why the temperature coefficient of the ‘knall-gas” cell 
obeys equation (1), p. 737. 

Broensted ? has calculated indirectly the value 1°238 volt which is 
practically identical with the above; in the following paragraph we 
shall again arrive at the same result in a totally independent way. 

Finally it may be pointed out that we can calculate with partial 
pressures instead of concentrations in equation (1); the equilibrium 
constant K must then, of course, be calculated in the same way. 


Calculation of Electromotive Force from Thermal Data. 
Historical —aAs has been already explained on p. 733, Helmholtz in 
1847 and later W. Thomson in 1851 brought forward the theorem 
that in a galvanic element chemical energy is completely transformed 
into electrical energy ; if we express the chemical energy U (taken 
from the thermochemical tables) in gram-calories per gram equivalent, 


1 Gott. Nachr. Heft 1 (1905) ; Zeitschr. phys. Chem. 56. 544 (1906). 
2 Ibid. 62, 385 (1908). 
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then the electromotive force could be calculated from the simple 
formula 


U 
= 93046 volt. : : (1) 
It is obvious (cf. pages 705 and 732) that the above equation is 
identical in principle with the so-called Berthelot’s law of maximal 
work, which supposes that the course of a chemical process is deter- 
mined solely by the heat developed. Both laws are often approxi- 
mately true, but internal reasons alone show that they cannot be true 
laws of nature. 

The application of the second law of thermodynamics to the 
galvanic element was an important advance, for which we must thank 
Gibbs and Helmholtz (p. 737). Putting 23,046E=A, we find the 
relation 

dA 
A=UsT aw : (2) 
But this equation gives no real solution of the problem, for integration 
is necessary before the electromotive force can be calculated from the 
thermal data, and this involves the appearance of a completely 
undetermined integration constant. 

As the temperature coefficient of the electromotive force is usually 
low, equation (2) explains why A and U are so often nearly equal to 
one another, especially when the absolute temperature T is not high. 
But why the temperature coefficient is often so small remains unex- 
plained, and it is also not possible by means of equation (2) to 
calculate electromotive force from heats of reaction. 


Application of the New Theorem of Thermodynamics.—The 
theorem developed on p. 709 ff. yields the solution of the problem 
under discussion. If we construct a galvanic element from absolutely 
pure substances in the liquid or solid state, then the theorem gives us 
the relations : 


U=U,+ pT? + yl? + ‘ s (3) 

A=, - pT?=21 ~ ee rar vers. 34) 

The meaning of the coefficients 8, y, . . . is found as before by 
differentiating U with regard to T: 

/ = = C, — Of= 26T + 3yT? + Mile aires (3) 


' C,-C, is here the difference between the capacities for heat before 
p nad after the transformation of one gram equivalent ; equation (5) is 
therefore fulfilled when \the molecular heat C of the reacting com- 
| ponents can be expressed by the relation 
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C=C, + 26'T + 3y'T? + 
It will be useful to explain the above relations a little more fully. 

I. The equations (3) and (4) must be at first confined to pure solid 
and liquid substances, because it is highly probable that the phases of 
a heterogeneous system at absolute zero can only be formed from 
substances containing molecules of only one kind. As a matter of 


fact it is not difficult in most cases to carry out the calculation for | 


galvanic combinations which do not satisfy these conditions. Let us 
consider, ¢.g., the element 


Pb/ saturated aqueous solution of PbBr,/ Br,/ Pt. 


The process which yields the current is given by the equation: 
Pb + Bro = PbhBr,. 


The substances Pb, PbBr,, are in a pure condition, but the liquid 
bromine dissolves some water. Now, according to the law of the 
relative lowering of solubility (p. 145), the taking up of water lowers 
the solubility of the bromine, and correspondingly the electromotive 
force is somewhat decreased ; by means of the law just mentioned we 
can calculate what the solubility of the bromine would be if it took 
up no water, and hence arrive at the true electromotive force of the 
pure combination. 

II. Equations (3) and (4) cannot strictly be applied when gases are 
included in the process which yields the current, because gases are 
incapable of existence at absolute zero; but, as we have already seen 
on p. 716, the theory can also be extended to this case. (See below.) 

III. See the remarks (p. 716) on specific heats, a knowledge of 
which is, in principle, necessary. At the boiling point of hydrogen 
the difference between thermal and chemical energy in equation (1) 
hardly ever exceeds 0°001 volt. 

Hence we obtain, in general, the following rules for the calcula- 
tion of electromotive force from heats of reaction: by means of the 
first law of thermodynamics we extrapolate the thermochemical data 


obtained at ordinary temperatures to as low temperatures as possible, 


and then put 
U 


~ 23046 


We can then calculate the electromotive force at the temperature 
required by means of the second law of thermodynamics (equation (2)), 
or, more simply, by means of equation (4). The galvanic combination 
under consideration must, of course, satisfy the conditions enumerated 
under I., or be such that its departure from these conditions can be 
suitably allowed for. 


E 


As an example we will take the Clark cell. It has already been ex- 
plained that equations (3) and (4) are only applicable to galvanic combina- 


a 
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tions which are composed of absolutely pure substances; we must therefore 
often make use of a suitable artifice to reduce the combination under 
consideration to the required form. In the special case of the Clark element 
this is easily done by lowering the temperature to such a point that ice is 
present in the solid state. The process yielding the current is then expressed 
by the equation :' 

Zn + Hg,SO, + 7H,O (ice) = ZnSO, . 7H,0 + 2Hg¢. 
The heat developed by this reaction can be calculated from the data : 

(Zn, 8, 20,) = 230,090, (2Hg, 8, 20,) = 175,000, 

(ZnSO,, 7H,O) = 22,690, latent heat of ice per mol at 17° = 1580. 
Hence 
2U = 66,720 at T=290°. 
The molecular heats are 
Zn = 6:0 (10°), Hg,SO, = 31-0 (50°), 7H,0 = 63°7 (10°), 
ZnSO, . 7H,0 = 89-4 (10°), 2Hg= 13-2 (10°). 

The values for Hg,SO, and ZnSO,, 7H,O have been recently determined 
by Schottky (p. 725); the value for ice is the most uncertain, as it had to 
be extrapolated for + 10° from the measurements of Person, Regnault, and 
Dewar, From the above numbers we obtain 


dU 
he 9 tor 263 : 
dT B 
this value is of course not very accurate, especially as the specific heats do 


not all refer to the same temperature. But, on the other hand, it is only a 
matter of a small correction, and even an uncertainty of 0°8 cal. in = only 


represents a difference of 0°005 volt. 
It follows that 
U = 38,505 —0-0017T?; 
A =38,505 +0:0017T?. 


The electromotive force of the Clark element at T=266 where ice is 
present is 
K= 1:4624 volt. (obs.) ; 
from the above formula we obtain for this temperature 
PAN 
7 23026 

It is also obvious that at T=100, A and U only differ by a few parts in 
a thousand, The difference between A and U is considerable in the 
ordinary Clark element, where the behaviour of the solution comes into 
play (A = 32,937, U = 40,565 at T=291). 

For further applications see W. Nernst, Svtzwngsber. Berl. Akad., 21st 
_ January 1909. 


=1:4592 volt. (calc.). 


The new theorem énables us to calculate the E.M.F. of gas cells 
most simply by means of formula (2), p. 704, where we substitute for 
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log K, or, if we calculate with partial pressures instead of concentra- 
tions, for log K’, the equations (17), p. 718, or (19), p. 719. 

It can be at once seen that the E.M.F. of a gas element can also 
be calculated from the thermal data of the current-yielding process 
and the chemical constants of the gases in question (which are not 
present in the solid or liquid state). 

As an example we will deduce the E.M.F. of the “ knall-gas” 
element. If hydrogen and oxygen are present under the pressure of 
one atmosphere it follows that (see also p. 744) 

00001983 T 1 
= log = 


4 2 Ka 
» 


E 


where z is the value of the vapour pressures of water in atmospheres 
(=0°0191 at T= 290) and K’ can be calculated according to p. 719. 
We obtain therefore 
E= 1:237 volt at T = 290 


in agreement with the result on p. 744. 
If we make use of the approximation formula (21), p. 721, we have 


115160 


log K’= - 
and from this we find 
Ei = 1°25 volt, 


i.e. a fairly accurate value. At higher temperatures where the 
influence of the specific heats is greater, the approximation formula 
would of course give considerably inaccurate results. 

It appears that a first approximation to the calculation of E.M.F. 
at ordinary temperatures may be very easily obtained by the use of 
the above approximation formula, which is exceedingly easy to mani- 
pulate. Bodlinder! compared the heats of formation of numerous 
iodides and chlorides with the electromotive forces of the corre- 
sponding elements. He found that the difference between the two 
magnitudes was only small in the case of the iodides; in the light of 


our formule 

23,046E=U,-—61?, U=U,4 617% 
this means that the influence of the coefficient 6 is small, and of 
different sign for different combinations. In the case of the chlorides, 
on the other hand, Bodlinder obtained a good agreement by sub- 
tracting from the heats of formation the value 


5060 cal. =,0°22 volt 


per gram equivalent. The above consideration shows that if we again 
neglect the small coefficient (, the difference between the two 
magnitudes is 

1 Zeitschr. phys. Chem. 27. 55 (1898). 


ee ee 
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4:571 . 290 (1:75 log T + 3-2) 
2 


Bodlinder’s empirical conclusion is therefore quantitatively explained 
by our theory. 

The electromotive forces calculated up to the present time with 
the help of the new theorem of thermodynamics (Nernst, .c. p. 747) 
are collected in the following table: 


=4971 cal. =0°217 volt. 


a 
Chemical Process. i bF | E obs. E cale. 

Pb +2AgCl=2Ag + PbCl, 290 | 04891 0-4890 | 

Hg+AgCl=HegCl+ Ag 288 | 0°0439 0:0437 | 

Zn + Hg,S0,+7H,0 (ice)=ZnSO,7H,O+2Hg 266 | 1°4624 14592 | 
Pb+I,=Pbl, 291 | 0:°863 0°863 
2Ag+1,=2Agl 291 | 0:678 0618 
H,+HgO=Hg+H,0 BIS. | 0-934 | 0-880 
2A¢+Cl,=2AgC1 290 1157 | 1:092 
Pb+Cl,=PbCl, 290 | 1°612 | 17594 
2H, + 0,=2H,0 290 | 1°281 1-237 
H,+Cl,=2HCl (6n) SIOBI j= USO) 1:170 
H,+Cl,=2HCl (In) 298 | — 15366 1365 


The difference between the observed and calculated values is in 
most cases only a few millivolts, and therefore lies within the error 
of thermochemical measurements. It rises to a few centivolts only in 
three cases; it will be necessary to show whether this is due to 
irregularities in the specific heats at low temperatures. In any case it 
is perfectly evident that electromotive forces can be calculated with 
far greater accuracy and certainty by means of the new theorem than 
according to the rule of Helmholtz and W. Thomson. 


The Galvanic Element considered as a Chemical System.— 
A galvanic element represents a heterogeneous chemical system, and 
has certain peculiarities ; but, on the whole, the influence of mass 
ratios and temperature on the system follows the laws which have 
already been developed for ordinary heterogeneous chemical systems. 

The peculiarity which characterises galvanic batteries above other 
chemical systems is this, that the two metals must be connected by a 
conductor before the reaction can take place. We may have a Clark 
cell in open circuit for an indefinite length of time without observing 
a chemical change ; but we cannot conclude from this that the system 
is in equilibrium, any more than we were at liberty to draw a similar 
conclusion regarding a ‘“knall-gas” mixture (p. 681). 

The reaction velocity in an “open” element, if not absolutely nil, 


| is at least practically so, and it does not attain a measurable value 


until the two poles are electrically connected. This reaction velocity 
can be made to vary as desired, by changing the resistance in the 
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circuit, and corresponds directly to the intensity of the current ;1 for 
according to Faraday’s law, the intensity of the current and the 
chemical change are directly proportional to each other. 

Thus we can speak of having an equilibrium, only when the two 
poles are connected by a conductor, and when also we compensate 
the potential difference in some way by means of an opposing 
electromotive force. This opposing electromotive force is completely 
analogous to the opposing pressure which we found necessary to apply 
in the case of solid NH,Cl, eg. in order to prevent its complete 
sublimation and consequent separation into its two dissociation 
products. 


1 Closing the cireuit of a galvanic element may be considered the simplest and most 
illuminating case of chemical catalysis. 


CHAPTER VIII 
ELECTRO-CHEMISTRY III 
OSMOTIC THEORY 


The Mechanism of Current-Production in Solutions. — The 
considerations thus far advanced rest essentially upon a thermo- 
dynamic basis. It is in the nature of this method of investigation, 
when properly applied, to give results which are undoubtedly correct, 
but not particularly illuminating. In particular, the mechanism of 
galvanic-current production has remained, for the present, entirely 
outside our considerations. But it now appears that the recent views 
of the ionic theory enable us to take an important step forward. 
This chapter is therefore devoted to a special theory regarding the electro- 
motive activity of ions, which I developed in 1888 and 1889, and which 
is now generally accepted. 

_ We have already developed the view, p. 369, that in the contact 
between two solutions of an electrolyte of different concentrations, 
_ there is developed an electromotive force which so acts between them, 
that the one ion strives to pass by the other. In this way we 
_ obtained for the first time a mechanical explanation of the potential 
| difference between any two substances, and it became possible to 
calculate this value in absolute measure. 

If we solve the differential equation on p. 370, 


Bee dp dP) | dp aP\, 
a8 = — Ugdz (Pang) = Vede (FP 


\a for = we find : 
dx 


me dP) 2 -V }.dp 


dx U+V dx’ 


. or, bearing in mind equation (2), p. 371, 


| a <P uw—vl dp. 
| dx  utvy7dx 


752 THEORETICAL CHEMISTRY BOOK IV 


Inserting the value of the osmotic pressure, 


|i Hiv, 
and integrating, we have 


P,-P,=—__ BT hh? 


where P, — P, is the potential difference between two solutions of the 
same kind, consisting of two univalent ions and assumed to be com- 
pletely dissociated ; », and », are the concentrations of the two 
solutions. 


The preceding formula may also be deduced thermodynamically in the 
following way, as was shown by the author.! Suppose the quantity of 
electricity F to pass across the surface of contact of the two solutions in the 


Phe ke : : u , 
direction from the concentrated to the dilute solution, ane equivalents of 


cations will migrate in the same direction anions in the opposite. 


v 
> uty 
Since the cations pass from the concentration », to the concentration 1,, 
they are capable, according to p, 52, of doing the work of expansion 

u 


Y 
RT In 2 whilst conversely the anions need an amount of work 
2 


U-bV 


RT In “15 the total work performed by the process is, therefore, 
Waa Vv ms 


peu 


Sa aie "RT In 2 a 

and thus the expression is equal to the electromotive force P,—P,, If 
7, >. and u > v, we have A> 0, 2¢ there is an electromotive force 
tending to produce a current from the concentrated to the dilute solution. 
In the case of incompletely dissociated solutions the ionic concentrations 
must be used instead of 7. 


We can explain mechanically in an entirely similar way,? the 
potential difference occasioned by the contact of the solutions of any two 
different electrolytes. 

Thus let us bring into contact with each other a solution of HCl 
and of LiBr; then, on the one hand, more hydrogen ions than 
chlorine ions will diffuse from the first solution into the second, and 
therefore the second solution will receive a positive charge ; and, on 
the other hand, more bromine ions than lithium ions will diffuse - 
from the second solution into the first, because of the greater mobility 
of the bromine ions; and thus the positive charge of the second 
solution will be increased. 

Moreover, these electromotive forces can be calculated in absolute 


1 Zeitschr. physik. Chem. 4. 129 (1889). 
2 Nernst, ibid. 2. 613 (1888) ; 4. 129 (1889); Wied. Ann. 45. 360 (1892), 


a ee | 


a | 
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units of measurements, from the gas laws and the ion mobilities, for 
which purpose Planck,’ has developed, by integration, the general 


I equations given by me. 


In this way we have arrived at a general method for calculating 
theoretically the electromotive forces of any liquid cells, provided 
that only dilute solutions are used, by means of the gas laws and the 
ionic mobilities; and, moreover, the details of mechanism by which 
these batteries produce the current, are now perfectly clear. 

The electromotive forces between different solutions are nearly 
always small and usually counted only by hundredths or thousandths 
of a volt, but of course they must not be neglected in exact calculations, 
the more so as in most cases they can be estimated with sufficient 
accuracy. In dealing with dilute solutions there is a very simple 
means to reduce them almost to the vanishing point ; this is to use 
as solvent, not pure water, but solution of a suitable indifferent 
electrolyte (see p. 758). Under these circumstances the current flows 
almost entirely through the indifferent electrolyte and consequently no 


appreciable osmotic work is done, and there is no appreciable potential 


difference between the solutions. 
The gas constant R may be expressed in the electrochemical system 
of units as follows. We have 


in prea 
p=9kT = 5757, 


where p, is the osmotic pressure in a space of unit concentration. 
Expressing the concentration in mols per ¢c.cm. we have 


Pp = 22412 atm. = 22412 . 1033°3 . 981 abs. units. 
Now unit quantity of electricity in absolute measure is associated 


- with 1°035.10~-4 mols of a univalent ion ; accordingly if we take as 


the unit of concentration the corresponding number 1:035 . 10-4, 
Do= 22412. 10333 . 981 .1'0385. 10-4, 


; we find, as on p. 743, 


R= 0°861 . 104 abs, units ; 


{but in order to express potential differences in volts the preceding 
‘| number must be multiplied by 10~-. 


Hence 
P= Ors Gl LOs*. 
We have therefore — 3 
RT In P= 0-861. 10-4 T In 2! =0-0001983 T log! Pt volt. 
Pe , Pa Pe 
Or, putting T= 273 + 18, we get 
RT In t= 0-0577 log" P volt. 
eDs Ps 
1 Wied. Ann. 40, 561 (1890). 
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The Solution of Metals.—In order to account for the activity 
of galvanic elements, we will subject the current-producing process to 
a closer examination; the most important feature of this process is 


obviously the solution and precipitation of the metals of the electrode. 


And this at once leads us to the following observation. 

Metals are characterised by only being able to go into solution positively 
charged, i.e. im the form of positive ions. 

Thus, whether, in the electrolysis of a solution of a nitrate, we 
convert the silver serving as the anode into silver nitrate, or whether 
we change zinc into zinc sulphate by simply dipping it into sulphuric 
acid, the ions of the metals appear in solution under all circumstances, 
and then either remain free, or else unite with the negative ion of the 
salt contained in the solution, to form electrically neutral molecules. 

Thus the process of the solution of metals appears in a very 
peculiar light. We see that forces of an electrical nature play a very 
prominent part in these chemical processes. And, in fact, if we accept 
the conceptions which we have already developed (pp. 141 and 485) 
on the general process of solution, we can, by means of the views 
advanced above, explain simply and easily the cena. activity 
of the metals. 

Let us, therefore, ascribe to each metal a certain solution pressure 
towards the water; for every substance must have such a pressure 
towards any selected solvent; and, as before, we understand by this 
the expansive force, which tends to drive the molecule of the substance 
into the solution. In the case of electrically neutral molecules, this 
expansive force is held in equilibrium by the osmotic pressure of the 
saturated solution. 

But it is characteristic of the metals that those molecules which the 
solution pressure tends to drive into solution, are positively charged. There- 
fore their solution pressure may be suitably called “electrolytic.” 

It is now easy to examine the processes which will take place on 
dipping a metal into pure water or into any solution. . 

We will first consider the case when the ions of the metal in 
question, are either not at all present in the solution, or, at most, 
to only a very slight extent. It will happen that a number of ions, 
driven by the solution pressure of the metal, will pass into solution, 
with the immediate result that the solution becomes positively charged 
and the metal negatively. But these electric charges (just as we saw in 
considering the diffusion of electrolytes, p. 369), give rise to a force, 
which, on the one hand, opposes the further passage of the metallic 
‘ions into the solution; and, on the other hand, seeks to drive the 
metallic ions already in the solution back on to the metal. 

On account of the enormous electrostatic capacities of the ions, this 


force attains an extremely high value long before a weighable quantity 


has passed into solution. One of two events will now happen : 


1. Either the action of the solution pressure of the metal will be : 


ee 


Se ed ee ne 


Seer Te 


= 


ee 
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! 
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_ exactly compensated by the electrostatic charges, and a state of 


the mercury ions back to the solution. We see then 


-and Palmaer proved experimentally that changes of 


equilibrium will be established ; in this case no more of the metal 
will pass into the solution, neither will any more positive ions be 
driven out of the solution. This happens, ¢.g., when silver is dipped 
into a solution of NaCl. We should not conclude that the solution 
pressure of this metal is very small, just because the silver is not 
dissolved under these circumstances. It is much more conceivable 
that it is to be estimated in thousands of atmospheres, and that it is 
compensated in its action by the electrostatic charge of the solution 
as it comes into contact with the metal. 

2. Or the electrostatic charges may reach such an amount, as a 
result of the magnitude of the solution pressure, that the positive ions 
which are contained in solution are driven out on to the metal. We 
observe an illustration of this case, in the precipitation of one metal by 
another ; thus, ¢.g., when iron is dipped into a solution of a copper 
salt, the iron ions go into the solution and the electrically equivalent 
quantity of copper ions is driven out of the solution, by electrostatic 
repulsion of the solution, and by the electrostatic attraction of the 
metal; and thus the copper ions are precipitated upon the iron. 

Another illustration is the evolution of hydrogen (see below). 


.The foregoing considerations have received a striking confirmation by the 
researches of W. Palmaer.! If, as shown by Fig. 49, mercury is dropped 
into a solution which contains only a few mercury ions, 
some of these ions will be deposited on each drop, because 
mereury, being a noble metal, possesses an extremely small 
solution pressure. If the drops fall into a mass of 
mercury below, their charge disappears, that is, they give 


that where the new mercury surface is formed, that 
is, at the opening of the mercury funnel, the solution 
becomes poorer in mercury salt, whilst where the drops 
unite and there is a diminution of surface between mer- 
eury and electrolyte the solution must become richer 
in salt. It has long been noticed that a potential differ- 
ence arises between dropping mercury and still mercury ; 
I showed (see my note on contact electricity)? that this 
arrangement may be regarded as a concentration cell, 


concentration do occur in the sense expected; this he 
demonstrated first by measurements of potential differ- 


ence as compared with small inserted mercury electrodes, and afterwards 3 
by purely chemical means. # 


The Theory of the Production of the Galvanic Current.— 


The considerations advanced in the preceding section, lead directly to 


; 1 Zeitschr, physib. Chem. 25. 265 (1898). 
_ 2Supplement to Wied. Ann., 1896, Heft Nr. 8. 3 Ibid. 28. 257 (1899). 
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ani insight into the production of galvanic currents on alocually ‘4 


active systems which depend on the use of metals. To fix our ideas, 
we will consider a particular example, namely the Daniell cell. 

Let a zinc rod be dipped in a solution of zine salt (for example, 
ZnSO,), as in Fig. 50, and a copper rod in a solution of copper salt 
(CuSO,); then the zine, in consequence of its greater solution pressure, 
will send. out a quantity of posi- 
tive ions into the solution, whilst 
conversely, if the osmotic pressure 
P, of the copper ions is sufficiently 
great, copper ions will be de- 
posited on the copper rod and the 
copper will thus receive a positive 
charge. 

As long as the circuit’ is open, 
neither zinc ions nor copper ions 
will go over into the solution, 
because the electrolytic solution 

Fig. 50, pressures of these metals are held 

in equilibrium by the opposing 

charges, which both the metals and the solutions have received from 

the (inappreciable) passage of ions ; and therefore no chemical change 
takes place in the cell. 

But it is different when the circuit between the two poles of the 
element is closed by a conducting union ; then the reaction can advance, 
because it is possible to equalise the plectre charges associated sritih 
the solution and the precipitation respectively, of the two metals ; and 
thus the reaction takes place in such a way, that that metal having 
the greater solution pressure drives its ions into the solution; and 
conversely, that metal having the smaller solution pressure is pre- 
cipitated from the solution. 

In the Daniell element the zinc is dissolved, and the correspond- 
ingly equivalent quantity of copper is driven out of the solution, 
because the force tending to bring the zinc ions into solution is greater 
than that tending to bring the copper ions into solution. 

The passage of the zinc into the solution and of the copper out of 
the solution, necessarily results in a movement of positive electricity 
in the external circuit, from copper to zinc ; i.e. the production of a 
galvanic current ensues in the direction indicated. 

We have already seen that the osmotic pressure of the ions of a 
metal tends to oppose its solution pressure. Thus the force which 
brings the zinc ions into solution will be the smaller, the greater the 
concentration of the zine sulphate solution ; and likewise the force 
tending to separate the copper ions will be the greater, the stronger 
the concentration of the copper sulphate. Thus the electromotive 


force of the Daniell element will increase by diluting the zinc sulphate 
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solution ; and it will diminish by diluting the copper sulphate solution ; 
and both of these statements are completely verified by experiment. 


The electromotive force ofa Daniell cell may be expressed by 
_ means of the formula given below— 


net (in ae =2) 
2 Pi Pe 


here the small potential difference at the contact of the two electrolytes is 
neglected. 


Concentration Cells.—The above considerations lead at once to 
| a very simple expression for the potential difference between the metal 
_ and the solution which contains a larger or a smaller amount of ions 
in question. If A is the work that can be performed by the solution 
of one electro-chemical gram equivalent of the electrode metal in the 
electrolyte considered, when the osmotic pressure of the univalent ions 
_ of the metal amounts to p; then clearly, 


2eo8 Ill Roe Raed | & 


| where E is the potential difference required. If p becomes p+dp, A 
becomes A + dA, and accordingly E becomes E+dE. Let us now dis- 
solve one electro-chemical gram equivalent ; then dA is equal to the 
_ work that must be spent if the electro-chemical equivalent is to be 
' brought from pressure p + dp to pressure p. This amounts, therefore, 
to p. dv (where v is the volume which one electro-chemical equivalent 
assumes in the solution), hence we have 


dE=dA=p.dv= -et ? 


or, integrating, 

; EK= —RT In p + const. 

4 that is 

. E=RTIn£. 
P 


In this equation clearly E=0, when P =p, hence P indicates the 
electrolytic solution pressure of the metal in question. Instead of 
| _ using the pressure p we may use the ionic concentration c, ee is 
_ proportional to it, and obtain 


E= RT In © : 3 ‘ : GE) 


4 where c is the Ree antration corresponding to the osmotic pressure p. 
In what follows we shall describe ¢ loosely as the solution pressure. 


The equation 
A= E=const. —RT In ¢ 


% ‘may ‘also be derived Re diately from the theory of the thermodynamic 
potential given on p. 677. 


% 
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If the ion whose solution is considered is n-valent, we have 


AAs oars 
Do Aee 
and accordingly 
ee ape: 
n c 


These equations, developed by me in the year 1889, contain both 
the theory of galvanic current production and that of galvanic 
polarisation. 

We will first consider the case of two electrodes of a univalent 
metal dipping in two solutions of a salt of that metal of different con- 
centrations ; we then have a concentration cell, for example 


AgNO, | AgNO, 


Cy Sp 


Ag 


g. 


In these galvanic combinations we have three contacts of dissimilar 


conductors, and accordingly three potential differences, which may be - 


separately calculated and whose sum gives the electromotive force of 
the combination. At one of the metal-electrolyte contacts we have 


the force RT In S at the contact of the two solutions, according to 
1 
> U-V C, : 
p. 752, vas RT In mas at the other contact between metal and electro- 
2 
lyte the force RT In ve hence the total electromotive force of the cell 
will be ae : 


© = he In = 


a 0G op) Cy 
Assuming, for ee c, = 0'l, c, = 0°01 mols per litre, we get, at 
room temperature, according to p. 753, 


E=2.0°522.0:0577 = 0°0604 volt 


(= 0529, according to p. 366) ; experiment gave 0°055 volt, 


a.@ a somewhat smaller value. Bearing in mind, however, that the 
electrolytic dissociation in the solutions used was incomplete, the theory 
gives 0:057, which is in complete agreement with the experiment. If 
two metal ‘electrodes dip into the same solution of an indifferent 
electrolyte, and a small quantity of the ions of the electrode metal are 
added to produce concentration c, in the first solution and ¢, in the 
second, where c, and c, are small in comparison with the concentration 
of the indifferent electrolyte, the electromotive force of contact between 
the two electrolytes vanishes; then under these cireumstances the 
current is conducted almost entirely by the indifferent electrolyte, so 


ene 


- es - 


¥ 


» | 
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A ; 
that practically no osmotic work is spent in the electrolyte, and for 
concentration cells of this type we have the simple formula 


The electromotive force of such cells can occasionally become very 
large, viz. when one of the concentrations (c, or c,) becomes extra- 
ordinarily small ; thus the electromotive force of the cell 


Ag | 0:1 AgNO, | 1:0 KCl | AgCl | Ag 


has been found 0°51 of a volt ; this relatively large electromotive force 
of a cell with two identical electrodes is due to the fact that the 
osmotic pressure of the silver ions in the solution of silver nitrate is 
considerable, but in the potassium chloride solution surrounding the 
silver chloride is excessively small ; not only on account of the very 
small solubility of silver chloride but because it is further reduced by 
the presence of chlorine ions. We can confirm this quantitatively ; 
¢, is about 0°l1 gram-ion per litre, since the solution of silver 
nitrate was deci-normal; c,, according to p. 664, would be 1:1 x 
‘i 10-° at 20°, if there were no potassium chloride present ; and, as the 
latter forms a normal solution, the solubility sinks, according to 
p- 537, to(1-1 x 10-°)?=1:21 x 10-1°. Hence the electromotive force 
of the cell becomes 
0°058 (9 — log,, 1:21) = 0°52 volt, 


which is in very good agreement with the direct measurements (0°51) ; 
bearing in mind that the electrolytic dissociation of the KCl and 
AgNO, is not complete, the calculated value should be a trifle reduced. 


In the case of negative ions, such, for example, as a platinum electrode 
_ charged with chlorine, the potential difference is of the opposite sign, and 
in this case 
Pen ORT we 2S 
Si C; 

If mercury is covered with the very slightly soluble mercurous chloride 
the passage of a current through the electrode either forms or reduces 
calomel aceerding to its direction, in other words, ions either come out from 
| the solution or enter it. Such an electrode behaves therefore electrolytically, 
as if it were made of a metallically conducting modification of chlorine, and 
equation III. is applicable to it. Such electrodes, which consist of a metal 
| covered with one of its insoluble salts and a solution which contains the 

- same anion at a concentration C,, are known as reversible electrodes of the 
second kind (p. 736), while electrodes to which equation II, is applicable are 
-ealled reversible electrodes of the first kind. Electrodes of the second kind 
may be reduced to the first kind, as may be seen from the foregoing calcula- 
tion with the electrode Ag(AgCl). 


1 See Goodwin, Zeitschr. physik. Chem. 18. 577 (1894). 


oe 
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In a concentration cell such as 
Hg | HgCl | chloride c, | chloride c, | HgCl | Hg, 
the electromotive force may be determined by means of equations I. and 


III. exactly in the same way as on p. 759 for concentration cells with 
electrodes of the first kind. We find in this way 
2u 


RD In = a: 
Sri sta oF) 


For example the author found :—! 


KE. 
Chloride. Cy. Coe a a a 
| Obs. Cal. 
HCl 01 0°01 00926 0:0939 
KCl 01 0-01 | 00532 00542 
LiCl O1 0-01 0:0354 00336 


In the first of these three combinations the electromotive force at the 
contact of the two electrolytes adds to the total effect, in the third it reduces 
it, in the second it is almost nothing. 


Normal and Abnormal Potentials.— According to the 
equation 


BE, 0 


n c 


E 


the potential difference between the metal and electrolyte varies at 
0°058 


room temperature by volt when the concentration of the 


n-valent ions of the metal is altered tenfold; the change of electro- 
motive force is consequently small when dealing with moderate con- 
centrations, and even if the ionic concentration varies by a large 
amount the electromotive force of the combination suffers, as a rule, 
only a small percentage modification. It is otherwise of course when 
the ionic concentration is reduced by several times tenfold: then there 
are very considerable alterations in electromotive force. 

Thus, for example, silver in solutions of a silver salt of moderate 
concentration has always approximately the same potential; if by any 
means silver ions are very completely removed from the solution the 
potential is considerably altered. This can be done in two different 
ways; either by adding a reagent (for example a chloride) to precipitate 
the silver ions, or’ by adding a reagent such as potassium cyanide, 


1 Zeitschr. physik. Chem. 4. 161 (1889). 


ae | . 7 


iP] { j i 
|. CHAP. VIII OSMOTIC THEORY 761 
which forms a complex salt with the silver ions and so equally 
removes them from the solution. By these two ways it is possible to 
reduce the concentration of the silver ions enormously ; accordingly it 
| is found that metals in such solutions give quite different, so-called 
“anomalous” potentials, in opposition to the “normal” potentials 
observed in solutions containing larger quantities of their ions. 

| If a metal is dipped in a solution which originally contains no ions 
| of it, the potential observed is, unlike that in the preceding cases, 
variable and uncertain; traces of the metal in larger or smaller 
quantity, according to the circumstances (for example under the action 
of the atmospheric oxygen), pass into solution, and these accidental 


quantities of course give accidental potential differences. 


As an example of the great change in potential of a metal against an 
electrolyte that can be produced by precipitation, we have already mentioned 
| the concentration cell with silver electrodes, which has an unusually large 
_ electromotive force (p. 759). If to the copper of a Daniell cell a sufficiently 
concentrated potassium cyanide solution is added, the copper ions are so 
completely taken up by it that the electromotive force of the combination 
| even changes its sign, 7.2. in such a combination copper goes into solution 
| and reduces the zinc. A series of further examples are given by Hittorf, 

who first carefully studied cases of this kind, and by Ostwald,? who qualita- 
tively explained those anomalies on the basis of my formula, while the 
_ theoretical calculation was first given by me in the first edition of this 
book (1893). 


Gas Batteries. — Platinum charged with hydrogen behaves 
| electrolytically like the electrode of a metallically conducting variety 
of hydrogen ; charged with oxygen as if it were a metallically conduct- 
_ ing form of oxygen. If these electrodes are immersed in a solution 
_ of an electrolyte we have a galvanic combination of an electromotive 


_ force 
Re 1 2 
E=RT In C sD C,_RT (GA. ee 
2 C, 2 c?. Cy 


here © and C, are the solution pressures of the two electrodes, ¢ and 
¢, the Eetauteaitions of the hydrogen ions and the doubly charged 
- oxygen ions. Since in dilute aqueous solutions 


ON ie const. 


it follows that E is independent of the nature of the dissolved sub- 
y stances ; at atmospheric temperature it amounts to 1:23 volt, a value 
ra which i is of much importance in electro-chemical calculations (p. 744). 
| __ The potential of a hydrogen electrode is very different in acid and 
ane solutions (about 0°8 ee because the concentration of the 


‘ 4 pa physik. Chem. 10. 598 (1892). 
2 Lehrbuch der allg. Chem. 2nd edit. vol. ii. 
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different, ard oe same is of course true of the oxygen electrode. 
The above formule allow us to foretell quantitatively these relations. 

In a similar way the theory of all gas batteries which contain 
dilute solutions of an electrolyte may be studied by means of the 
osmotic theory. It must be noted, however, that the solution pressure 
of an electrode charged with gas depends on the degree of saturation 
of the gas in the electrode, and naturally increases with the concentra- 
tion of the dissolved gas. 

Oxidation and Reduction Cells. — Chemically an oxidising 
material is characterised by its power of giving off oxygen, a 
reducing material by its power of giving off hydrogen. In some 
cases this power extends to the visible evolution of gas; thus 
hydrogen peroxide gives off oxygen violently on a platinum surface, 
chromous solutions give off hydrogen, etc. Clearly the oxidising or 
reducing power is the greater the higher the pressure the evolution of 
gas can reach. If thus we bring platinum electrodes into solutions 
which contain an oxidising or reducing agent they will be charged 
with oxygen or hydrogen; by combination we get a cell according to 
the scheme 


Pt | oxidising medium | indifferent solution | reducing medium | Pt, 


we have, therefore, an oxyhydrogen cell, but with this difference, that 
the oxygen or hydrogen charge can be, according to the nature of the 
oxidising or reducing medium, greater or smaller than if the charge 
were immediately produced by oxygen or hydrogen at atmospheric 
pressure, as in the ordinary gas cell. In other words, the values C, 
and C in the formula of the previous section depend upon the nature 
of the reagents used. 

Hence it follows that (for constant charge of the platinum) the 
potential difference between each electrode and the solution depends 
on the concentration of the hydrogen or hydroxyl ions, and that if 
several oxidising agents are present at once in the solution the 
strongest determines the potential difference, that is the one which 
charges the electrode with oxygen most strongly. The same of 
course is true for the reducing materials. 

If an oxidising and a reducing material are present simultaneously 
in the solution it often, but not always, happens that chemical action 


will take place; this must, however, happen as soon as platinum is q 
brought into the solution and the charge of gas reaches sufficient 


magnitude, because oxygen and hydrogen occluded by platinum 
react violently. 


In order to calculate the dependence of the potential difference on the | 


concentration of the various reagents we must write the reaction for the 


evolution of oxygen and hydrogen in each case. Thus, ferrous sulphate — 


charges platinum according to the equation 


SE ee 


| v 
|! CHAP. VIII by OSMOTIC THEORY 763 


++ +++ ] ¥ 
He pu Fe+ gH: 


hence the hydrogen charge is proportional to the concentration of the 
ferrous and hydrogen ions directly, and inversely to that of the ferricions. See 
on this point the work by Peters, which is full of interesting observations. 
I That a palladium electrode becomes charged with hydrogen when dipped 
}. into the solution of a reducing agent could be shown by the diffusion of 
_. hydrogen through the electrode? Ostwald has pointed out that measure- 
_ ments of electromotive force determine the oxidising or reducing action of 
a reagent.® 


| 


Theory of Electrolysis.—If we consider an electrolytic cell with 
_ two unalterable electrodes, on electrolysis the cations must be deposited 
_ at the cathode, the anions at the anode; if the electromotive force 
necessary for the first of these processes be called «,, for the second «,, 

_ we have for the back electromotive force of polarisation 


Thee € + €. 
Now the cation is the more easily deposited at the cathode the 


} higher its concentration and the more difficultly the more dilute it is ; 
a ! by considerations exactly similar to those on p. 757 we find that 


RT C, 
é¢= In 
n Cs 
and 
RT C, 
é= —— In 
n Cp 


If we have several kinds of cations and anions present together 
| in the solution, which always happens when we are dealing with 
~ aqueous solutions, in which besides the ions of the dissolved substance 
' there is water present, the electrolysis will begin when the electromotive 
force H, convemently known as the decomposition potential, is large enough 
_ to discharge one of the cations present and one of the anions. 

The great service involved in bringing out clearly this point, 
following on the earlier researches of Helmholtz, Berthelot, and others, 
is due to Le Blanc,* who investigated electrolytic decomposition in a 
very thorough manner. Le Blanc showed that the conceptions and 
formule deduced by the author for galvanic production of current 
‘ean be applied without change to electrolysis, and so laid the founda- 
tion for the osmotic theory of electrolysis. This investigator has 
also made many important applications of his law. 

Thus it became possible,° by applying different potentials, to arrive 
1 Zeitschr. physik. Chem. 26. 193 (1898). 

2 Nernst and Lessing, Gott. Nachr., 22 Feb. 1902. 

® See Allg. Chem, 2nd edit, P- 883, etc,, Leipzig, 1893. 

e Zeitschr. physik, Chem. 8. 299 (1891) ; 12. 333 (1892). 


5 This was first shown by M. Kiliani (1883) ; the further working out of it is due to 
. Freudenberg, Zeitschr. physik. Chem. 12. 97 (1893), on the suggestion of Le Blanc. 


764 THEORETICAL CHEMISTRY BOOK IV 


at a method for separating electrolytically the various metals; it is 
clearly not the current density which primarily determines the 
electrolytic process, but the potential difference between the electrodes. 

In the following table Wilsmore! has collected the potential 
differences of the most important electrodes from a critical summary 
of the measurements so far obtained :— 


DECOMPOSITION POTENTIALS 


For Normal Concentrations 


e, (Cations) €) (Anions) 
Mg+1°482 J —0°520 
Al +1°276 He 4e0 Br — 0°998 
Mn+ 1'075 O-1°23* 
Zn+0°770 Cl — 1'3538 
Cd +0420 OH — 1°68* 
Fe + 0°344 80,-1°9 
Co +0°232 HSO, — 2°6 
Ni+8°228 CH,COO — 2°5 
Pb+0°151 

Cu — 0°329 

Hg - 0°753 

Ag-0°771 


These numbers, in accordance with the preceding formule, refer 
to normal concentrations of the ions; a reduction of tenfold in the 
0:058 


concentration increases the numbers by volt (where n= the 


number of charges or the chemical valency of the ion). The potential | 
of hydrogen is taken at zero; for there are always both anode and ~ 
cathode, and therefore an arbitrary term to be added to all the above 
numbers, that is, it is necessary to make an arbitrary standard of some . 
one of them. The value of O and OH (distinguished by a star) refer 
to a concentration which is normal with respect to the hydrogen ions. In 
order to discharge O or OH from normal concentration of OH the | 
voltage needed is less by 0°8, in order to set free hydrogen from the — 
same solution 0°8 volt more is required than in acid solution, as may 
be calculated from the concentration of the ions of water. 4 
A number of important conclusions may be drawn from the above ~ 
numbers. In the first place, they yield the decomposition potentials of : 
all ionic combinations. For example, zinc bromide requires for decom- — 
position 0°99+0°77=1°76 volt, if its ions are present in normal — 
solution. The decomposition of hydrochloric acid requires 1353+ — 
0 = 1°353 volt, and so on. We saw that it is easy to separate silver — 
from copper electrolytically, because the difference between their — 
solution pressures is almost half a volt; but similarly the electrolytic 
separation of iodine from bromine and bromine from chlorine can be 
carried out satisfactorily.2 The electrolytic decomposition of silver 


1 Zeitschr. physik, Chem. 35. 291 (1900), 
2 See Specketer, Zeitschr. f. Hlektrochem. 4. 539 (1898). ™ 
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iodide in normal solution would, according to the above figures, not 
_ only require no force but should, on the contrary, yield 0-26 of a 
f volt (0°52 -—0°78 = — 0:26). Silver iodide itself, however, cannot be 
obtained in such concentrations on account of its extreme insolubility 
§ in water, and indeed we may conclude from the above numbers that 
| at usual temperatures silver iodide to be stable must be very insoluble, 
_ a conclusion which of course can very easily be generalised. 
1? Naturally also the above numbers give at the same time the 
| electromotive force of cells combined with the electrodes in question ; 
| thus the Daniell cell gives 0'770 +.0°329 = 1:099 volt. 

As a further example which gives rise to interesting speculations 
we may take the electrolysis of sulphuric acid. It is well known that 
_ in this case we get hydrogen at the cathode and oxygen at the anode, 
_ assuming of course that the electrodes are unalterable. We conclude 

from the above table that electrolysis will only take place if the 
potential difference is greater than 1:23 volt; with this potential 
difference hydrogen ions can he discharged at the cathode and doubly 
charged oxygen ions at the anode; it is actually found that if a small 
platinum point be used as cathode and a large platinised plate as 
| anode at this potential, hydrogen is evolved violently at the point, 
|’ and the electrolysis can be kept up indefinitely by means of this 
electromotive force. We have here the reverse of the gas battery on 
p- 761. But if a large platinum plate charged with hydrogen is used 
as cathode and opposite it a small platinum point as anode, oxygen 
| bubbles do not form until the potential has reached 1°66 volt, that is 
}| when the decomposition potential of hydroxyl ions is exceeded and 
|| the electrolysis only takes place freely with still higher electromotive 
| "force, by means of which the SO, ions are discharged. The doubly 
Hi © charged oxygen atoms are present in such small quantity that it is not 
GS Upeiea to keep up any considerable electrolysis by their means, where- 
_as hydrogen ions are abundant and consequently can be discharged in 
Dinas quantities as soon as the potential rises sufficiently high. The 
circumstances are more favourable in the case of the hydroxyl ions, 
|| whose concentration is much greater than that of the doubly charged 
oxygen ions, but in order to electrolyse freely the potential must be 
| raised till both at the cathode and anode ions present in large 
|| quantities can be discharged. 

Preuner ! has shown that when acetates are electrolysed, oxygen is 
- evolved as long as the anode potential is kept under 2°5 volts; when 
| .. this potential is exceeded considerable quantities of ethane and ‘carbon 
dioxide are evolved, resulting from the discharge of the acetions (p.764). 


| a In electrolysing lead salts it was observed that at the cathode lead is 
_ precipitated, at the anode lead peroxide. According to the views of Liebenow” 


1 Zeitschr| physik. Chem. 5'7. 72 (1907). 
7 2 Zeitschr. f. Hlektrochem, 2. 420 (1895-96), 
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this is a case of primary electrolysis, since he supposes lead salt to be 
hydrolytically dissociated according to the equation 


++ -- + 
Pb + 2H,0 =PbO, + 4H. 


As a matter of fact compounds like PbO,Na,, PbO,Ca, and so on, are known. 


If a solution of lead salt is electrolysed in presence of a copper salt, copper — 


comes down on the cathode instead of lead, because copper has a much smaller 
decomposition potential; all lead finally appears at the anode in the form 
of peroxide (Luckow’s process for the electrolytic determination of lead). 
If, on the other hand, oxalic acid is added to lead salt, its negative ions are 
more easily discharged at the anode than the lead peroxide ions, so that all 


the lead appears in metallic form on the cathode. 
as 
In the accumulator on charge, according to Liebenow’s view, Pb ions 


are deposited primarily on the cathode, PbO, ions on the anode. Although 
on account of the small solubility of lead sulphate very little of these ionic 
species are present in solution, they are continuously replaced by means of 
the lead sulphate on the electrode. It is only when the lead sulphate is 
used up that the sulphuric acid is electrolysed, and hydrogen appears at 
the cathode and oxygen at the anode. 

A very noticeable phenomenon was investigated by Caspari,! who found 
that visible electrolytic separation of hydrogen at a platinised plate takes 
place at a potential of practically zero (0005 volt), but with other metals 
requires a special excess-potential. He found the values 


Au 0:02, Pt (blank) 0:09, Ag 0°15, Cu 0-23, Pd 0:48, Sn 0°53, Ph 0:64, 
Zn 0°70, Hg 0°78 volts. 


In consequence of this excess-potential, hydrogen does not appear on the 
cathode of an accumulator during charge, but lead is separated, and it is only 
when the lead sulphate is reduced and the potential consequently raised that 
gaseous hydrogen is evolved. It can therefore be shown? that with small 
currents lead sulphate is much more easily reduced at a lead electrode than 
at a platinum electrode, and also that by means of electrodes with high 
excess-potentials (especially mercury and zinc) it is possible to obtain reduction — 
products that would otherwise be very difficult to prepare? Apparently 
hydrogen can only give off bubbles when the electrodes have occluded an 
appreciable amount ; in metals which occlude very little hydrogen, consider- 
able quantities of gas must first be generated by the potential before any 
formation of bubbles can take place. A similar phenomenon may be 
expected in the case of other gases which can be produced electrolytically ; — 
oxygen has been investigated by Coehn and Osaka * in this respect. Nickel ~ 
behaves in a remarkable manner in this respect, since oxygen can be evolved | 


from alkaline solution in gaseous form at about 1:3 volt against hydrogen, 


whilst on platinum 1:7 is required. 


1 Zeitschr. physik. Chem. 30. 89 (1899). 

2 Nernst and Dolezalek, Zeitschr. f. Elektrochemie, 6. 549 (1899-1900). 
3 See Tafel, Ber. deutsch. chem. Ges. 38, 2209 (1900). 

4 Zeitschr. anorgan. Chem. 34. 68 (1908). 
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| 
| For the theory of excess-potential see the interesting study by G. Moller 
| (Ann, d. Phys. [4.] 27, p. 566, 1908). 


Chemical Application of the Osmotic Theory.—It has long 
been customary to draw chemical deductions from the galvanic 
potential series of the metals, which is given in the table (p. 764), 
and which is now seen to find quantitative expression in the solution 
pressures or the decomposition pressure so determined ; it must not, 
| however, be assumed that copper is always precipitated by zinc. On 
| the contrary, the ionic concentration is a second important factor, and 
_ the above (p. 761) experiment with the Daniell cell shows that under 

suitable conditions zine can be reduced by copper. 
Similar conclusions may be drawn as to the decomposition potential 
|| of the anions; thus it is known that bromine throws out iodine from 
solution of iodide, and the chlorine similarly precipitates bromine 
quickly and very completely (how complete the precipitation is may 
_ be easily calculated from the solution pressure according to principles 
already given). We have, in fact, the well-known simple reactions— 


Br, + 23 =J, + 2Br; 
Cl, + 2Br = Br, + 2Cl. 


We see further, that chlorine must be capable of evolving oxygen 
' from acid solution, but not so bromine or iodine. It is known, how- 
ever, that the evolution of oxygen by chlorine takes place very 
slowly, unlike the rapid deposition of bromine by chlorine. This need 
not surprise us in view of what has gone before; for the chlorine, in 


order to pass to the ionic state, must replace the O ions that are 
present in excessively small quantities, since the OH ions, which are 
more abundant, do not give up their negative charge except by means 
_ of a potential 0°3 volt higher than that of chlorine. 

One of the most interesting reactions is the decomposition of water 
by metals with formation of hydrogen; the conditions for this process 
ean easily be deduced from the foregoing considerations (p. 754). The 
electrical forces in question act not only on the ions of the metals in 
question, but also on all the positive ions present; for example, on 
the hydrogen ions which always exist in aqueous solution. The 
separation of hydrogen ions must occur as soon as the osmotic pressure 
of the hydrogen ions and the electrostatic attraction are sufficient to overcome 
_ the electrolytic solution pressure of hydrogen at atmospheric pressure, that is, 
ll n 

we must have ee, OF oh SZ, where the index 1 refers to the 

at ee 
metal and 2 to the hydrogen, and n, is the chemical valency of the 

metal in question. 
We see, therefore, that the favourable conditions for decomposition 
_ of water are :— . i 


768 THEORETICAL CHEMISTRY BOOK IV | 


1. Large osmotic pressure of the hydrogen ions. 

2. Large electrostatic force, that is great solution pressure of the 
metal and small opposition pressure of the ions of this metal. 

Potassium decomposes water violently under all circumstances on 
account of its enormously great electrolytic solution pressure, for we 
can neither make the osmotic pressure of the hydrogen ions small 
enough, nor that of the potassium ions large enough to hinder the 
solution. Zinc possesses large enough solution pressure to decompose — 
water in acid solution, but it is incapable of doing so when the con- 
centration of the zinc ions is sufficiently great, or that of the hydrogen 
ions sufficiently small ; for example, when zinc is dipped into a neutral 
solution of zinc sulphate. In strongly alkaline solutions it is again 
capable of decomposing water rapidly, although the concentration of 
the hydrogen ions is exceedingly small, because in this case, through 
formation of zincates, the concentration of the zine ions is very 
greatly reduced. Mercury, in spite of its small solution pressure, 
evolves hydrogen from strong hydrochloric acid because the concen- 
tration of the hydrogen ions is large, and that of the mereury ions 
very small, owing to the insolubility of mercurous chloride which is 
increased by the presence of considerable quantities of chlorine ions. 
Copper, whose ions, as we have already seen, are eagerly taken up 
by potassium cyanide, gives off hydrogen violently in such solu- 
tion, despite its alkalinity. 


The preceding considerations apply, of course, only to reversible formation 
of hydrogen, which, however, we can always produce when the metal in 
question is surrounded with platinum wire (best platinised); otherwise 
formation of hydrogen only takes place when 


€ > & ate 1) 


where 77 is the excess-potential given on p. 766. The sponge-like electrode of ~ 
an accumulator in moderately concentrated sulphuric acid gives off no 


hydrogen, although here ¢,>«,; it does so as soon as it is touched with a ‘ 


platinum wire. In very concentrated acid gas is given off spontaneously, 
because the above inequality is satisfied. 


These considerations for the formation of hydrogen by metals | 
can be at once applied to the electrolytic separation of metals. If © 


ny /n mn ST 4 
ME eee the metal will be deposited, if is a hydrogen is 
C, Cy Cy ee . 


more easily evolved electrolytically. Hence for galvanic separation 
of metals it is necessary to make first the concentration of the metallic — 
ions as large as possible, second, that of the hydrogen ions as small as ~ 
possible. Now in aqueous solution the concentration of the hydrogen 
ions is inversely proportional to that of the hydroxyl ions; hence ~ 
the product of the concentration of the metallic and hydroxyl ions E 4 
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| must be made as large as possible. But, according to the laws of 
| solubility, a limit is set to this product by the solubility of the hydrox-. 
) ide of the metal; hence the impossibility, for example, of separat- 
| ing aluminium or magnesium from aqueous solution is due, not only 
_ to the great solution pressures of those metals, but to the insolubility 
of their hydrowdes,+ 
. Metals of too great solution pressure, as, ¢g., the alkali metals, 
| act spontaneously on water and hence cannot be deposited in the pure 
form, although they may be obtained as amalgams with mercury. 
A strongly negative element behaves similarly ; fluorine, for example, 
causes spontaneous evolution of oxygen from water, and can only be 
| obtained pure when perfectly dry hydrofluoric acid, which is made 
- a conductor by means of potassium fluoride, is electrolysed (Moissan, 
1887). 

At the electrodes the elements or radicals appear deprived of 
their electric charges, and their affinities, which in the ionic state 
are saturated by the electric charges, and in the undissociated state 
by the other constituent, are now unsatisfied. This leads most 
| frequently to the combination of two similar ions: 2Cl gives Cl, 
)| 2H gives H,, 2HSO, gives persulphuric acid H,S,O, (according to 
|| EF. W. Kiister’s views), a case which has recently been investigated 
very thoroughly by Elbs, 2KCO, gives, according to Hansen and 
' Constam,? potassium percarbonate K,C,0,. Many other so-called 
_ secondary reactions, that is, chemical actions between ions deprived of 
_ their electrical charzes, are known. The application of electrolysis to 
oxidation, reduction, chlorination, and so on, depends on these actions, 
and has recently been investigated with many important results by 
Gattermann, Elbs, Loeb, and others.® 

The fact that no compounds such as 8,O,, N,O,, etc., have been 
isolated may be perhaps explained in the same way as the non-isolation 
_ of fluorine in aqueous solutions; these substances might possibly be 
_ obtained by working with a more stable solvent than water. 

The pressure under which the ion is given off in the gaseous form, 
- or the concentration to which it dissolves, depends essentially on the 
potential with which it is electrolysed ; in other words, the active mass 
can be varied arbitrarily by applying varying electromotive force of polarisa- 
tion. We can thus cause chlorine to appear at the anode in a state of 
more than homeopathic dilution, or under pressures which are to 
be reckoned by millions of atmospheres, and employ it chemically. It 
cannot be doubted, -therefore, that, ¢.g., in organic preparations, all 
possible stages of chlorination may be reached by changes of potential. 
It is true that the current density, to which attention was formerly 
i" ae changes with the potential, and is closely related to that 


1 See also Glaser, Zeitschr. f. Elektrochemie, 4, 355 (1898). 
I 2 Ihid. 3. 187, 445 (1897). 
3 See also especially the collection of Loeb, ibid. 2, 293. 
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quantity, but it depends also upon the form of the electrodes and 
the specific resistance of the electrolyte, and can therefore not be 
regarded as a measure of the capacity of a current a ee 
oxidise, reduce, ete. 


The principles given above have found important applications in the 
work of Haber ;! he showed that the reducing action of electrolytic hydrogen 
on nitrobenzene depends solely on the potential at the cathode. Thus he 
was able to stop the reduction at the stage of azoxybenzene by keeping 
the cathode potential constantly under a certain fixed value. Another 
application is to be found in a paper by Dony Heénault,? who oxidised 
alcohol to aldehyde quantitatively, that is, according to Faraday’s law, by 
keeping the anode potential during electrolysis under a certain critical 
value ; otherwise acetic acid and higher products of oxidation appear. 


The Rate of Electrochemical Reaction.—Chemical decomposi- 
tion is under all circumstances proportional to the strength of current 
(Faraday’s law); it is often observed, however, that under certain 
conditions an electrochemical process will not proceed farther than a 
certain point, although we may try to increase the strength of the 
current by raising the potential. 

If we apply the hypothesis brought forward on p. 586 to this ease, 
i.e. assume that at the eiectrode itself attainment of equilibrium is 
practically instantaneous, then the electrochemical process can only be 
delayed during electrolysis in two ways: 

I. The substance to be acted upon (e.g. reduced, oxidised, chlorinated, 
etc.) takes time to diffuse through to the electrode. 

II. The substance to be acted upon is only an intermediate product 
of a slow chemical process (taking place in a homogeneous phase). 

Which of these reasons is correct in any given case can be generally 
very easily decided by stirring, which will greatly increase the reaction 
velocity (strength of current) in the first case, and hardly at all in the 


second (p. 587). Temperature will also have a much greater influence | 


in the second than in the first case. 

The rate of reduction at the cathode of the halides, for example, 
depends on their diffusion velocities, but potassium chlorate, which 
only gives up its oxygen with great difficulty at ordinary temperatures, 
is reduced at a much slower rate. 


For further examples and a quantitative treatment, see Nernst | 


and Merriam,*® where references to the literature will also be found. 


Solution of Metals.—Similar considerations obviously apply to | 


the solution of metals, which is evidently an electrochemical process. 
Consider, ¢.g., the solution of a metal of high solution pressure in acid 


solutions. The equilibrium of hydrogen evolution (p. 767) must be — 


1 Zeitschr. f. Elektrochemie. 4. 506 (1898). 2 Toid. 6. 533 (1900). 
3 Zeitschr. phys. Chem. 58. 235 (1905). 
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| at once reached on the surface between metal and solution, i.c. the 

‘j| solution of the metal and the consequent liberation of hydrogen must 

|) proceed at the same rate as the diffusion of the dissolved acid to the 

boundary surface. 

Experience teaches, however, that, ¢g., pure zinc dissolves at a 
much slower rate in acids than corresponds to the mass of diffusing 


Ty acid It has been supposed that the reaction 

Z 20 =H, 

| takes place slowly in the metallic phase,? so that although zinc, ¢.g., 
contains at any moment that concentration of hydrogen atoms which 
| corresponds to the electromotive force, yet the formation of ordinary 
| hydrogen only takes place slowly. In any case there is a close cop- 
nection between these phenomena and the excess-potential (p. 766). 


Passivity.—The ignoble metals, in a state of anodic polarisation, 
often offer a much greater resistance to their solution than would be 
expected from their position in the decomposition potential series ; 
this is usually known as the “ passive state.” 
i Sometimes this phenomenon occurs without polarisation, ¢.g., iron 
i) _ behaves towards nitric acid as if it were a noble metal, that is to say, 
| is in the passive state. The reason why some metals ‘become passive 
i under certain conditions is, as has been shown with certainty in a 
| few cases, that the metal becomes covered during electrolysis with a 
)| difficultly soluble compound which obviously prevents the passage of the 
| metallic ions. An example which has been especially well worked 
‘’ 


}| out? is the anodic solution of gold in potassium cyanide. When 
} sodium is present, even in small traces, the gold becomes passive ; 
| when sodium is completely absent it remains active. The cause of 
|| this behaviour was traced to the formation of a difficultly soluble 
| sodium-gold cyanide. Whether the formation of a ditficultly soluble 

_ protecting skin may be taken as the cause of passivity in every case 
is not yet certain. For instance, the formation of a skin of oxide 
_ when iron becomes passive has been doubted on the grounds that the 
‘reflective power of the metal is not altered. On the other hand, a 
: ; good argument in favour of the formation of a protecting skin of oxide 
in this case, is that the passivity vanishes on cathodic polarisation; or 
by treatment with reducing agents.* ‘ 


4 Theory of Galvanic Polarisation—A. quantity of electricity 
_ passed through a voltameter gives changes of concentration in all 


ia 1 See especially the investigations of Ericson, Auren, and W, Palmaer, Zeitschr. phys. 
Chem. 39. 1 (1901); 45. 182 (1903) ; 56, 689 (1906). 

_ 2 Pafel, Zeitschr. phys. Chem. 34. 200 (1900) ; E. Brunner, ‘did. 58, 41 (1907). 

8 Coehn and ©, L, Jacobsen, Zettschr. anorg. Chem. 55. 321 (1907). 

wie = * See the chapter on “Hléktrochemie” by A. Coehn in Miiller-Pouillet’s Lehrbuch 
, der Physik, IV. Paragraph, ‘‘ Passivitiit,” we 611, for further details and the literature 

of the peapaeet 
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cases; the theory of galvanic polarisation is therefore simply that of 
concentration cells. 

The changes of concentration producing electromotive force can 
consist either in a change in the concentration of the ions of the 
electrode metal or in a change in the substance occluded by the 
electrodes. We have an instance of the former in the electrolysis of 
sulphuric acid with mercury electrodes. If a quantity of electricity is 
passed through this voltameter the concentration of the mereuro-ions 
at the cathode is reduced, at the anode increased, hence we have a 
potential difference amounting to (p. 759) 

ee ig 


Tikes 
pee NG ; 
Since —' can be made extremely large, considerable back electro- 
c 


motive force may be produced in such cases, and for a given quantity 
of electricity the change of concentration produced will be greater 
the smaller the concentration of the ions of the electrode metal in the 
first place. We have an instance of the second case in the electrolysis 
of sulphuric acid between platinum plates; since these are charged 
with oxygen through the air they may be regarded as (approximately) 
reversible with respect to oxygen ; and since the concentration of the 
oxygen ions in the electrolyte is not appreciably altered by small 
quantities of electricity, the most important concentration change is 
that in the occluded oxygen. The back electromotive force is therefore 


oe ey 


C3” 


= In 


where ¢, and ¢, are ed concentrations (active masses) of oxygen ih the 
electrodes ; the factor — 7 depends upon the fact that the oxygen mole- 


cule is sine hehe quadrivalent. 
Further details on this subject belong to the region of pure physics. 


Calculation of the Electrode Potentials from Thermal 
Data.—This calculation is a combination of the results obtained by 
applying the new theorem of thermodynamics to electromotive forces 
(see the preceding chapter) with the formule obtained in this chapter 
by means of the osmotic theory. It will be most simple to consider 
a particular example, say the element Ag/I,; if P, and P, are the 
solution pressures of the two electrodes and py the oanigtie pressure of 
an aqueous solution saturated with silver iodide, then the electromotive 
force is given both by the osmotic theory and by the thermodynamical 
theory developed on p. 745 ff. : 


1 See also Warburg, Wied. Ann. 38, 321 (1889). 
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It is therefore possible to calculate the characteristic solution tension 
of each electrode (to a common factor), or the electrode potential E 
' when we know an additive constant ; the latter of course cancels out 
in the practical use of the numbers, because the electrode potentials 
are referred to that of one electrode; for example, the potential of 
the hydrogen electrode is taken as zero. As the osmotic theory allows 
us to calculate the E.M.F. of any galvanic combination which contains 
only dilute aqueous solutions, we can see that this theory is extended 
by the thermodynamical considerations given above, because the 
electrode potentials which could be obtained by the osmotic theory at 
any given temperature by one measurement with the electrode in 
question, are now capable of a simple theoretical calculation ; they can, 
namely, be calculated from thermal and solubility data (see the paper 
‘by Bodlander referred to on p. 748). 

For the calculation of each electrode potential we only need to 
|| know the solubility of one difficultly soluble salt ; the solubilities of 
| _ all other difficultly soluble salts can then be calculated. 


General Theory of Contact Electricity.!—The general principle 
by means of which, as we have shown in this chapter, we have 
| calculated the potential differences between substances may be 
| formulated as follows. We attribute to the ions the same properties 
as to electrically neutral molecules ; if we now consider any phenomenon 
__ which involves a change of place of molecules (molecular phenomenon), 
_ then the same process applied to free ions will usually have the con- 
} sequence of separating anions and cations; this causes a potential 
| difference. We may of course calculate the latter if we know the 
laws of the molecular phenomenon in question. On account of the 
enormous electrostatic capacity of the ions the quantities that are 
actually separated are too small to weigh. 

Thus, for example, the theory of diffusion of non-electrolytes (a 
molecular. phenomenon) leads to the theory of potential difference 
between dilute solutions, since the general laws of diffusion are applied 
_ to the diffusion of electrolytes (an ionic phenomenon). The comparison 
of the solubility of ordinary substances with the solubility of metals 
leads to the much used formula for the potential difference between 
metal and electrolyte. 

A few further examples may be briefly noted. If a solution has 
different temperature in different parts the dissolved substance will 
_ travel along the temperature gradient, a phenomenon observed by 


Ne 1 See my report ‘ Uber Berithrungselektrizitat,” supplement to Wied. Ann., 1896, 
vol. 8, where a collection of literature is to be found. 


774 THEORETICAL CHEMISTRY BOOK IV 


Soret.! If this molecular phenomenon be applied to the solution of 
electrolytes, and we suppose that Soret’s formula is different for the 
different ions as it is for the different species of molecules, we arrive at 
the result that there must be potential differences in a solution of 
varying temperature. 

It may easily be shown, as on p. 751, that in order that equal 
masses of positive and negative ions should move along the temperature 
gradient the equation 

u(e+ + dP dk = )= vee Ore a’) 

dx ‘dx dx 

must be satisfied, where T is the variable temperature and kK’ and k” 
the forces which, apart from osmotic action, drive the ions along the 
temperature gradient. The theory which van’t Hoff? gave for Soret’s 
phenomenon puts k’=k’=0, which, however, is not always true. The 
above equation can of course be utilised for the case of any number of 
dissolved substances. (See the thorough investigation of electrolytic 
thermo-elements, by W. Duane.’) 


If we consider further the division of a substance between two 
solvents (p. 495), and attribute, as we may according to all analogies, 
to each of the ions a specific coefficient of distribution between two solvents, 
it follows that the ions will not be divided between the phases in 
electrically equivalent quantities, if no other foree is added to that 
arising from the existence of coefficients of distribution. But ions in 
the interior of a homogeneous phase must be present in electrically 
equivalent quantities ; if this is to be so some other force must exist, 
and it is easily seen that it is again of an electrostatic character, that 
is, there must be in general a potential difference between two homo- 
geneous phases. Such phenomena must be found in the ocelusion of 
gases by electrodes, and in the precipitation of one metal on another, and 
may help to explain the phenomena of polarisation as well as the — 
behaviour of inconstant cells. : 


The above theory of contact electricity may be applied without 
change to non-conductors (for example, to the frictional electricity between 
glass and silk and the like), since, according to our present knowledge, these 
substances are merely bad electrolytes ; there is, however, the difficulty that 
we know nothing of the ions in such cases. From the observations so far 
given, however, Coehn* has arrived at an important conclusion, that — 


substances of high dielectric constant become positive by contact with substances | 


of lower dielectric constant. 


It is only a short step to apply the same treatment to the electrons 
which we assume on p. 410 in the explanation of metallic conduc- ~ 


1 This was observed before Soret (1881) by Ludwig, as early as 1856. 
2 Zeitschr. phys. Chem. 1. 487 (1887). 
3 Wied. Ann. 65. 374 (1898). 
4 Ibid. 64. 217 (1898). 
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tion. If the metals are regarded as solvents containing positive and 
_ negative electrons in varying concentration, then a consideration of the 
_ changes of position which they undergo in various circumstances would, 
_ like the ionic theories already developed, lead to a theory of potential 
difference in different metals or metals of differing temperature. 


Conclusion.—Looking back finally on the electrochemical theories 
| developed in this chapter, we may well say that the osmotic theory 
has enabled us to give in many cases a thorough explanation of the 
~ mechanism by which current is produced, and that we have reached a 
general solution of the problem of calculating electromotive forces 
from other phenomena which are easily observed. Assuming also the 
_ correctness of the thermodynamical theory developed in Chapter V., 
| we can caleulate from specific heats and heats of reaction the electro- 
_ motive force of those galvanic cells where only pure liquid or solid 
_ substances take part in the process which yields the current (p. 745 ff.). 
If we now imagine any solvent brought into contact with the sub- 
‘stances in question, which does not alter the E.M.F., then we also 
_ know the electromotive force of the galvanic cell made up of saturated 
solutions. The thermodynamical relations discussed in the preceding 
| chapter, and the osmotic theory developed in this, enable us therefore 
| to calculate the E.M.F. for any concentration, so that we have arrived 
| in fact at a general solution of the problem. 


CHAPTER IX 
PHOTO-CHEMISTRY 1 


The Action of Light.—When ether vibrations pass through a 
material system, they are capable of affecting it in two essentially 
different ways. On the one hand, they raise the temperature of the 
system, their energy being partially converted into heat ; on the other 
hand, they give rise to changes of a chemical nature. 

We have already considered the first class of phenomena (p. 339), 
under the subject of the absorption of light. 

The description of the second class of phenomena will one the 
subject of this chapter. 

The ordinary absorption of light is a very general phenomenon. 
Every substance, in a way which varies largely of course with its own 
particular nature, and with the wave-length of light, can change the 
energy of the ether vibrations partially into heat; and this can be 
done completely if the layer permeated has a sufficient thickness. 

But the chemical action of light, so called, takes place only in 
exceptional cases, since it is only rarely that illumination is able to 
exert an influence on the reaction velocity of a system in process of 
change, or on the state of equilibrium of a system which is in chemical 
repose. Of course it is not impossible that photo-chemical action may 
be very general; and that it may ‘usually be too slight to be noticed 
under the ordinary conditions of research. 

The chemical action of sunlight, such, ¢.g., as that shown in the 
bleaching process, in the production of the green colour of plants, in 
its destructive effect on certain colours of the artist, has been recognised 
from time immemorial. But only recent investigation has taught us 
that numerous compounds are sensitive to light, and has convinced us 
that in these cases we have to do with a remarkable conversion of 
ether vibrations into chemical forces, which is deserving of the 
greatest interest. 


It would take too much space to enter into the detailed enumera- — 


1 See the comprehensive lectures by Luther, Trautz, Byk, Stobbe, Schaum, Scheffer, 
v. Hiibl and Wiesner, and the resulting discussions at the 15th anniversary meeting of 
the Deutsche Bunsengesellschaft (Zeitschr. f. Elektrochemvie, 1908, p. 4465 ff. ie 
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tion and description of the particular phenomena belonging here, 
} and therefore we will only refer to the very complete bibliography 
| prepared by Eder.! But it should be emphasised that gases (as, ¢.9., 
' the explosive mixture of hydrogen and chlorine), liquids (as, ¢.9., 
chlorine water, which gives up oxygen, under the influence of light), 
and solids (as, ¢g., white phosphorus, which changes to the red 
modification in the light; or cinnabar, which turns black), all respond 
to the ether vibrations. 

Also the photo-chemical process may consist both in the production 
of a compound, as is the case with hydrochloric acid gas, and in 
the decomposition of a compound, as is seen in the decomposition of 
hydrogen phosphide, with the separation of phosphorus. 

Trautz? has recently shown that light sometimes acts as an 
anticatalyst, and that in the same reaction (e.g. oxidation of pyro- 
gallol by oxygen) one kind of light (e.g. violet light) accelerates, and 
another (¢.g. red light) delays the reaction. 


The sensitiveness to light of organic compounds has been systematically 
worked out by Ciamician and his colleagues. In a review of the whole 
_ material (Bull. de la Soc. Chem. iii, iv., No. 15, p. 1) he considers the 
|\ influence of light on oxidations and reductions. A whole series of bodies 

_ with alkoxyl groups react on substances containing carbonyl, the alcohol 

group being oxidised by the carbonyl oxygen. For instance, ethyl alcohol 
|) reacts on quinone to give aldehyde and hydroquinone besides some quin- 
| hydrone. Especially interesting are the mutual internal oxidations and 
_ reductions of bodies containing nitrogen: eg. o-nitrobenzaldehyde goes 
over to o-nitrosobenzoic acid. Other classes of reactions which are 
especially influenced by light are enumerated by Ciamician as follows: 
-autoxidations, polymerisations, and condensations, the change from the 
fumaric to the maleic type, and hydrolysis (¢g. splitting up of cyclic 
ketones), In this way many reactions can be carried out which take place 
with difficulty, or not at all, in the dark. Organic photo-reactions are 
catalysed to a large extent by uranium salts. (Seekamp, Ann. d. Chem. 
122. 113 [1862] and 133. 253 [1865]) 


Although, on the one hand, this kind of light action in photo- 
chemical processes varies greatly according to the nature of the 
system illuminated, in contrast to ordinary absorption which always 
develops heat, yet like ordinary absorption it is highly dependent 
upon the wave-length of the light used. Thus we know photo- 
chemical reactions which are mainly caused by ultra-violet rays, or 
by the visible rays, or by the ultrared rays of the spectrum, 
_ respectively ; and in all cases the intensity of the photo-chemical 
4 action depends in the highest degree upon the wave-length of light, 
Fs 1 Handbuch der Photochemie, Halle, 1906; Fehling’s Handwérterbuch, under 


 Ohemische Wirkwngen des. Bichtes. See further M. Roloff, Zettschr. phys. Chem. 


- 26. 337 (1898). 
Bight es Zeitschr. . 899 (1906). 
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a fact which should be given proper attention in researches of 
this kind, 

After a discussion of all the material up to date, Eder? comes to. 
some general empirical laws, which are essentially contained in the. 
following statements. 

1. Light of every wave-length, from the infra-red to the ultra- 
violet, can exert photo-chemical action. 

2. Only those rays are effective which are absorbed by the 
system; so that the chemical action of the light is closely associated 
with the optical absorption ; but conversely, optical absorption does. 
not always necessitate chemical action. 

3. According to the nature of the substance absorbing the light, 
every kind of light may act as an oxidising or a reducing agent ;. 
but it may be said, in general, that red light has usually an oxidising 
effect, and violet light a reducing effect, on metallic compounds. The 
case where red light may also exert a reducing effect occurs in the 
latent light action? of silver salts. So far no oxidising action of violet. 
rays on metallic compounds has been observed with certainty. 

Violet and blue light usually act most strongly on the compounds. 
of the metalloids with each other : as, ¢g., on “chlorine knall-gas,” on 
nitrous acid, on sulphurous acid, and on hydriodic acid ; yet hydrogen. 
sulphide solution is decomposed more quickly by red light. 

The light action is partly oxidising and partly reducing according 
to the nature of the substance. In most cases, violet light exerts. 
the strongest oxidising action on organic compounds, especially the 
colourless ones. Coloured substances are oxidised most strongly by 
those light rays which they absorb. 

4. Not only does the absorption of the light rays, by the illumin- 
ated substance itself, play an important part, but also the absorption 
of light by foreign substances mixed with the principal substance, is 
important; for the sensitiveness of the main substance can be 
stimulated for those rays which are absorbed by the admixed 
substance (optical sensitisation). 


While this phenomenon was originally only known for sensitive solid 
substances, it has recently been shown by F. Weigert that gas reactions may 


also be optically sensitised (Ann, d. Physik. 24. p. 248, 1907). If chlorine — 


is added to a mixture of hydrogen and oxygen the union of these two gases 
is perceptibly accelerated by rays which the chlorine absorbs; the same 
holds good for the oxidation of sulphurous acid by oxygen gas, and the 
catalytic decomposition of ozone. The last reaction has been more exactly 
worked out by F. Weigert, Zettschr. f. Hlektrochemie, 14. p. 591, 1908. 


If we mix the optically sensitive body with a substance which 


1 Le. p. 28; and Beibl. zu Wied. Ann. 4. 472 (1880). 

2 For the various applications of the sensitiveness of silver salts, see especially the 
text-books of photography by Eder (Halle, 1906), and by H. W. Vogel (Berlin, 1878), 
Supp., 1883. 3 : 
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unites with one of the products resulting from the photo-chemical 
_ reaction (as oxygen, bromine, and iodine), the reaction velocity is 
accelerated because the reverse action is impossible. This may be 
_ also regarded as a consequence of the law of mass-action (chemical 
sensitisation). 

| In many cases, as Roloff observed (Zedtschr. phys. Chem. 13. 327, 1894) 
’ the action of light consists in the transport of ionic charges: see the paper 
| of the same author quoted on p, 777. 


¢ Actinometry.—The action of the light upon a chemical system 
| is the greater, the more intensive the ether vibrations are, upon 
_ which it depends. In the quantitative investigation of any selected 
| photo-chemical process, we possess a means for measuring the intensity 
_ of the chemically active rays. 

All pieces of apparatus designed to measure the photo-chemical 
intensity of light, and depending on the observation of the changes 
which are experienced by substances sensitive to light, when under 
the influence of the ether vibrations, are called actinometers. As all 
| the empirical laws of photo-chemistry thus far discovered have been 
| ascertained by the aid of actinometers, the most important of these 
' will be enumerated in the pages immediately following. 

But, first we may make a general remark on the value to be 
_ placed upon conclusions as to the intensity of light which are drawn 
| from actinometric experiments. 

The data obtained from all kinds of actinometers are of a purely 
individual nature. 

Thus it may be shown in two ways that they serve to give only a 
| relative measurement of the intensity of light; for, on the one hand, 
' even when using the same kind of light, the nature and reaction | 
' yelocity of the chemical process occasioned in each particular case, 
| will vary according to the varying behaviour of the system which is 
subjected to the action of light, and, on the other hand, when light 
is used which consists of rays of very different wave-lengths, the data 
_ of the same actinometer will by no means be proportional to the 
|| intensity of light; because the action of different kinds of light 
|| varies greatly according to the wave-length. 

8 The eye is also an actinometer, having an individual nature ; 
||, because apparently its sensitiveness to the ether vibrations depends 
|/ upon certain photo-chemical processes which are occasioned thereby. 

\ The photometri¢ measurement of light, and the actinometric 
| methods to be described below give results which are neither parallel 
with each other, nor with the results obtained by the thermometric 
measurements, which used to be regarded as the absolute measure 
of radiation. 

_ It.has been proved, Weirovar that the results obtained by several 
-actinometers are at least approximately proportional to each other. 
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Although we are not justified in drawing even an approximate con- 
clusion regarding the photo-chemical activity of two light sources 
which have been studied only in an optical-physiological [visual] way, 
yet, on the whole, the “chlorine knall-gas” actinometer and the 
“silver chloride” actinometer, for example, give results which 
correspond with each other. 

The Chlorine “ Knall-gas” <Actinometer—This depends upon the 
discovery of Gay-Lussac and Thénard in 1809, of the action of light 
on the combination of chlorine and hydrogen; in strong light this 
action advances with a velocity which results in an explosion, but in 
weak light it progresses gradually and steadily. This actinometer was 
first constructed by Draper in-1843, but it was brought by Bunsen 
and Roscoe! to an improved form suited for exact measurement. The 
method consists in measuring the diminution of a volume of “chlorine 
knall-gas” (standing over water and kept at constant pressure), as a 
result of the formation of hydrochloric acid which is absorbed by the 
water. As the manipulation of this apparatus requires unusual 
patience and skill on the part of the observer, Bunsen and Roscoe 
later turned their attention to— 

The Silver-Chloride Actinometer.2—In this the time required to darken 
photographic paper until a definite “normal” shade is reached, serves 
as a measure of the light intensity. 

The Mercury-Oxalate Actinometer—A solution of mercuric chloride 
and ammonium oxalate will remain unchanged an indefinitely long 
time in the dark; but in the light, CO, and mercurous chloride are 
developed in the sense of the equation, 


2HeCl, + C,0, (NH,), = Hg,Cl, + 200, + 2NH,CL. 


Either the quantity of CO, set free, or else the amount of mercurous 
chloride precipitated, may serve as a measure of the intensity of light ; 
the latter gives much more exact results. 

According to Eder,? it is best to mix two litres of water contain- 
ing 80 g. of ammonium oxalate, with 1 litre of water containing 50 g. 
of mercuric chloride ; some of this is then poured into a beaker glass 
of about 100 cc. capacity, which is “light tight” on all sides, but 
which has an opening in its cover. As the concentration of the sensi- 
tive solution changes during the illumination, the separation of the 
mercurous chloride takes place with an increasing slowness, and thus 
does not directly correspond to the light energy introduced ; it is 
therefore necessary to apply a correction, the amount of which can be 
taken from the table furnished by Eder. Elevation of the temperature 


1 Pogg. Ann. 96. 96 and 373 ; 100. 43 and 481; 101. 255 ; 108. 193 (1855- 


2 Ibid. 117. 529; 124. 353; 132. 404. For the numerous modifications 
which this has experienced in order to adapt it to the needs of practical photography, see 
Eder, Handbuch der Photographie, 1. 174 ff. 

3 Wiener Sitzwngsber. 80, 1897 ; Handbuch, 1, 169. 


=v 
Bilaray. tx PHOTO-CHEMISTRY 781 


is favourable to the action of light, and this must be considered in 
- quantitative research. 
This apparatus is chiefly sensitive to the ultra-violet rays. 
Instead of mercuric oxalate, we may make use of the oxalate of iron 
or uranium in a similar way. 
The Electro-Chemical Antinometer.—lf two silver electrodes which 
have been chlorinised or iodised, are dipped into dilute sulphuric acid, 
then, as observed by Becquerel in 1839, an electromotive force will be 
_ established between them, as long as one electrode is illuminated ; the 
_ current will flow in the solution from the unlighted to the lighted pole. 
i" The strength of a current, as read by means of a sensitive galvan- 
ometer, will serve to determine the intensity of light. The results 
'_ obtained by this actinometer are approximately parallel with those 
- obtained in photometric ways. The most useful form is that of 
_ Rigollet,’ which consists simply of two copper plates, slightly oxidised 
__in the Bunsen flame, and immersed in 1 per cent solution of an alkaline 
| halide, only one plate being exposed to the light. 
e- 


Photo-Chemical Extinction As light which is chemically 
active performs a certain amount of work, it is to be expected—other 
conditions being the same—that the light will be absorbed to a greater 
' degree when it occasions or accelerates a chemical process, than when 
_ it does not. 

In fact, Bunsen and Roscoe” found that light which had passed 
through a layer of chlorine knall-gas was much more weakened in its 
- chemical activity (as measured by the chlorine knall-gas photometer) 
_ than when it had only passed through a layer of pure chlorine of the 
same thickness, and thus had had no opportunity to form hydrochloric 
acid. In both cases the light is weakened by absorption by the chlorine ; 
the absorption occasioned by the hydrogen can be neglected. “ In the 
second case the weakening is due purely to optical absorption ; and 
therefore the loss of energy of the light reappears in the heat which is 
developed. But in the first case, an additional fraction of the light- 
‘energy is consumed in performing chemical work, which thus occasions 

a stronger absorption. 
This phenomenon was called by Bunsen and Roscoe, “ photo-chemical 
extinction” ; it is apparently very common, and it has surpassing interest 
for our conceptions regarding the mechanism of the chemical action of 
‘light. Further experimental investigation on this point is greatly 
_ needed, especially as recent research has failed to confirm the observa- 
iq tions of Bunsen and Roscoe.* xd 


‘ ey 


Photo-Chemical Induction.— Another very remarkable fact, 
for the discovery of which we are likewise indebted to the classical 


1 Journ. de Phys. (3), 6.520 (1897). 2 Pogg. Ann. LOL. 254 (1857). 
3 Burgess and Chapman, Jowrn. Chem. Soc. 89. 1399 (1906); see also Weigert, 
ie 4eitschr. f. aa 1908, p. 596. 
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investigations of Bunsen and Roscoe, is the so-called “ photo-chemical 
induction” ; by this is meant the phenomenon when light usually 
acts very slowly at first, and attains its full activity only after a lapse 
of some time. 

Thus, with the steady illumination of a kerosene lamp, the 
quantities (S) of hydrochloric acid produced in every minute (as 
measured by the displacement of the water filament in the scale tube 
of the chlorine knall-gas actinometer), are given in the following table ; 
the time t denotes the minutes in order. 


t. 8. | t. 8. 
|- 
1 | 0°0 7 146 
2 16 8 29°2 
3 0°5 9 311 
4 | 0:0 | wo 30°4 
5 0°5 | 11 32°4 
6 al bai oe 
. ) 


As is obvious, the action [which at first is very slow] begins to be 
constant only after about nine minutes; after this the hydrochloric 
acid produced is proportional to the product of the time and the light 
intensity ; and only then does the actinometer become suitable for 
measurements. But if the actinometer is afterwards allowed to remain 
some time in the dark, then it requires a renewed illumination, although 
a shorter one, in order to bring it again to the condition where it gives 
results which are proportional to the product of the intensity of the — 
light and the duration of the illumination. If the apparatus stands — 
as long as half an hour in the dark, then the influence of the pre- 
ceding illumination vanishes completely. 

It is now certain that photo-chemical induction is a secondary 
phenomenon (see below); Pringsheim,! Dixon,? and others, showed 
that in the preceding case it depended on the formation of intermediate 
compounds, and afterwards Luther and Goldberg? proved that the 
addition of oxygen delayed all photo-chemical reactions of chlorine—_ 
the oxygen being used up first, and chlorine monoxide being probably 
formed. Induction is therefore essentially due to the impurification 
of the hydrogen-chlorine mixture by oxygen. Burgess and Sea 
(l.c.) have discussed the influence of other impurities, 

That the induction cannot be due to the formation of HClO or 
ClO, was shown by Mellor,* who tried without success to shorten thes 
ipducuen period by adding these substances to the mixture. 

Moreover, there is the well-known fact, that a very slight pre- 
liminary exposure of photographic plates makes their oe 


1 Wied. Ann. 82. 384 (1887). 
2 Zeitschr. phys. Chem. 42. 318 (1908). 3 Tbid. 56. 48 (1906). 
4 Trans. Chem, Soc. 81, 1292 (1902). 
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much greater ; and also, in harmony with this, that “ under-exposed ” 
| plates can be strengthened by a slight subsequent exposure. It is 
| highly probable that these facts must be regarded as analogous to the 
| photo-chemical induction of chlorine knall-gas. Both of the facts just 
| mentioned indicate that the photographic action of light is relatively 
slow in the first moments of exposure ; and that it is some time before 
the state of maximum sensitiveness is reached.! 
The precipitation of calomel in Eder’s photometer also suffers an 
| initial retardation ; the cause of this photo-chemical induction is, how- 
| ever, of a secondary nature, as Eder showed ; enough calomel must be 
| formed for saturation before any is precipitated. 


] The Latent Light-Action of Silver Salts.2—The so-called 
~ ‘latent light action” of silver salts (p. 778) has both great theoretical 
and also great practical interest ; it offers, in particular, much that is 
puzzling, but it has long found practical application in photography. 

All of the photographic methods, from the “ positives” of Daguerre 
to the “collodion emulsion” and the ‘“‘dry-plate” methods (which are 
almost exclusively used at present) depend on the principle that light 
is not allowed to act upon the plate until a visible picture is formed, 
but that the light action is interrupted long before this; the image is 
then “developed” by suitable treatment of the plate in the dark. 

The photographic action of the light does not consist in a marked 
material change of the exposed plate, but only to such an extent that 
the different parts of the plate, having met more or less light respec- 
tively, react with correspondingly greater or lesser velocity in the 
‘subsequent treatment. 

The action of the developer produces visible changes; a picture 
appears, and the chief art of the photographer consists in the proper 
choice of the time of “exposure,” and in interrupting the process of 
development at the right moment. 

In order to preserve the picture, the remaining substance, which is 
_ Sensitive to light, and which has not been fixed by the developer, must 
|| be removed (“fixing”). For this purpose use is commonly made of 
|| some suitable solvent which removes the undecomposed silver salt. 

A distinction must be made between physical and chemical develop- 
ment. 

The first found application, e.g. in the daguerreotype ; this physical 
Ae ae consists in the fact that mereury vapour is most quickly 


es surface. 
The image is formed in the same way in the collodion process, as 


_.1 See the researches of Abney, Eder’s Jahrbuch, 1895, pp. 123 and 149; Englisch, 
rch. wiss. Phot. 1. 117 (1899), 
ae See, 1 in connection with this section, the attractively written monograph, ‘* Chem. 


| Vorgange in der Photographie,” by R. Luther, Halle (Knapp), 1899. 
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silver is separated from a solution of a silver salt containing reducing 
agents on to those parts which have been exposed to light. Chemical 
development is applied in the modern negative process, in which 
a gelatine film impregnated with silver bromide is illuminated and 
is then treated with reducing agents (aqueous solution of potassium 
ferro-oxalate, alkaline salts of amido- or polyphenols, hydroquinone, 
pyrogallol, p-amidophenol, etc.) ; the silver halide in the plate is then 
reduced to silver most quickly at the illuminated spots. The distinc- 
tion between the two methods is a purely external one, for in all cases 
the precipitation of the solid produced by developing (mercury, silver) 
takes place more rapidly in the places where the product of reaction 
of light exists, and about proportionally to the amount of this product.! 
Only the material for depositing silver is taken from the photographic 
layer in the “chemical” process, and is added from outside in the 
“physical.” 

Many views have been put forward as to the chemical nature of 
the latent action of light. There is no doubt that. the changes that 
silver halides undergo on illumination is a reduction with formation 
of free halogen; but the nature of the reduction product is not in 
all cases known. Direct chemical investigation and isolation of the 
reduced substance has not been accomplished, and is not promising, 
on account of the minute quantity formed. Further, the nature of 
the binding material—collodion, gelatine, albumen, etc.—in which the 
silver halide is embedded, seems to affect the reduction. It has 
recently been shown by Luther,” for films of silver chloride and 
bromide without any binding material, that the products of reduction 
are the subchloride Ag,Cl and subbromide Ag, Br. 


Under ordinary conditions of illumination of silver halide the photo- 
chemical reaction is indefinite, as the halogen set free is at an arbitrary 
potential, which depends on thickness, resistance to diffusion, moisture, and 
especially the chemical nature of the film. Luther showed first that 
sufficient exposure, with any intensity of illumination, produces a definite 
equilibrium, that can be reached from either side, involving, besides the 
solid phases of unchanged and reduced silver salt, a definite halogen potential, 
increasing with the illumination. This shows that the action of light on 
the silver halides is reversible. Further, Luther showed that both the: 
latent developable image produced by short illumination and the wisible 
image that takes longer to produce are permanent in solutions of a 
certain halogen potential, and are destroyed in one of a higher potential, so 
that they apparently consist of the same substance. Finally, this halogen — 
potential of the reduction product agrees nearly with that which exists over 
silver subchloride and subbromide, so that these substances must be regarded 
as the latent and visible products of reaction of light when no binding” 
material is used. 


l Abege, Arch. wiss. Phot. 1. 109 (1899). 
2 Zeitschr. phys. Chem. 80, 628 (1899) ; and Arch. wiss. Phot. 2. 35, 59 (1900). 
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The following view has long been taken of the process of develop- 


ment. On the illuminated spots of the plates small particles of 


Sty 


_ metallic silver are deposited by reduction, with a density increasing 


with the intensity of the light; but always in such small quantity 
that no visible change occurs in the substance of the plate. When 
the plate is put in the developer those invisible silver particles act as 
nuclei for precipitation of silver, just as a small crystal brings about 
crystallisation in a supersaturated solution. The denser the silver 
particles at any spot the denser will be the deposit of silver during 


development. 


This theory requires slight modification, on the view that the 
latent image does not consist of metallic silver. It may be supposed 


_ that the silver sub-halide is easily reduced by the developer, and the 


silver nuclei thus produced serve for further deposit. 

There is much uncertainty in the chemical theory of ordinary 
photographic preparations, which contain the silver halide in various 
binding materials, although steps towards an explanation have been 
made by Luggin.? 

Moreover, a further very remarkable discovery was made by H. 
W. Vogel (1878). According to this, photographic plates may be 
made much more sensitive by intermixture with slight traces of 
organic colouring substances, and the plates are usually especially 
sensitive for the kinds of light absorbed by the particular colouring 
substances (optical sensitisation). And thus, as desired, plates may be 


_ prepared sensitive to yellow or red light, etc. 


Thus far, no theoretical explanation has been given for this 


_ phenomenon. A thorough. investigation of this subject by E. Vogel? 


, 


has led to the result that, of the eosin colours, erythrosin and di-iodo- 


' fluorescein work best; and that, in general, these substances 
_ “sensitise” best, which are themselves most sensitive to light. The 
- sensitising action increases in a striking way with the diminution of 
| fluorescence 


' electrification, the so-called “silent discharge” ; for example, ammonia 


is decomposed into nitrogen and hydrogen, nitrogen and water vapour 


Action of the Silent Discharge.—Chemical action takes place 
in many gaseous mixtures under the influence of rapidly alternating 


combine to form ammonium nitrite, acetylene is polymerised,° etc. 


The best known of these phenomena is the ozonising of oxygen, 


’ which has been carefully investigated by Warburg‘ in recent times. 


He showed that to every particular kind and strength of silent dis- 
eharge, there corresponded a definite proportion of ozone in the 


1 Zeitschr. phys. Chem. 14. 385 (1894) ; 23. 577 (1897). 
2 Wied. Ann. 43. 449 (1891). 
3 Bersbslot, O.R. 1381. 772 (1900). 
4 Ann. d. phys. 9. 781 (1902); 18. 464 (1904). 
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mixture, and that this equilibrium could be reached from both sides. 
That the phenomenon was not due to electrolysis produced by the 
current, was convincingly shown by the fact that the production of 
ozone could rise to 1000 times the amount corresponding to the 
quantity of electricity sent through. The action of the silent dis- 
charge is probably somewhat complicated ; it is certainly partly of 
a photo-chemical nature, as Warburg showed for the special case of 
ozone formation, for chemically active ultra-violet rays are produced 
by the silent discharge in the gas. But besides this, “ cathodochemical 
action” certainly comes into force, for, just as cathode rays can bring 
about many reactions, so under the influence of the silent discharge, 
collisions take place between electrons and gaseous ions, and thus lead 
to chemical decompositions and combinations. 

The decompositions brought about by strong radium preparations 
belong to the same category ; their further examination will probably 
open up an entirely new chapter in the investigation of the trans- 
formations of chemical energy. 


The Laws of Photo-Chemical Reaction.—As there is no differ 
ence but the difference in wave-length between the visible rays and 
those which are chemically active, and probably also the waves of great 
wave-length (such as those produced by electrical agitation of the 
ether, Maxwell and Hertz); and as all these rays must be regarded as 
caused by the transmission of disturbances developed in the lumini- 
ferous ether, there can be no doubt that the chemically active rays 
should be refracted, reflected, and polarised, like all other rays; that 
their intensity should diminish as the reciprocal of the square of the 
distance from the point of origin (7.e. the source of light); and that 
if an absorbing substance is placed in the path of the rays, their 
photo-chemical action should be weakened according to the same laws 
as those for optical rays, etc. etc. The test of these laws has, in fact, 
given the anticipated results. 

Moreover, abundant research has led to the result, that when a 
photo-chemical system is illuminated, the resulting action depends 
solely on the amount of the impinging light,? and is independent of 
the time taken to introdtice the same number of similar vibrations 
into the system. This law is usually stated in the following way : 

When light of the same kind is used, the photo-chemical action 
depends solely on the product of the intensity and the duration of 
exposure. 

Thus Bunsen and Roscoe? proved in the very sharpest way that 
the time required for the development of the normal colour on their 
sensitive paper was proportional to the number of light waves which 

1 See especially the investigations of Bunsen and Roscoe. 
2 The phenomenon of photo-chemical induction, described on p. 781, is probably ae 


an apparent exception, 
3 Pogg. Ann. 117. 586 (1862). 
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struck the paper in a second; by changing the cross section of the 
aperture through which the sunlight entered, it varied precisely accord- 
ing to the way indicated. A corresponding proof was given by 
Goldberg’ for the oxidation of quinine by chromic acid. 


Chemiluminescence.—It has long been known that many 
chemical and physico-chemical processes are accompanied by an 
emission of light which is far greater than that which should 
correspond to the temperature of the system, and therefore does not 
obey Kirchhoff’s law. The crystallisation of potassium sulphate and 
many other substances is accompanied by flashes of light; phosphorus 
becomes luminous when slowly oxidised; many organic substances 
also become luminous when treated with oxidising agents. The 


' luminescence which accompanies the simultaneous oxidation of 


pyrogallol and formaldehyde by hydrogen peroxide is especially 
fine, and very suitable for a lecture demonstration. This phenomenon 


has been recently systematically investigated by Trautz,? and shown 


to be of a very general character. ‘Trautz collected all the existing 
observations, and also described a number of new reactions which 
cause luminescence. His proof that the intensity of the light 
emitted is proportional to the velocity of reaction is very note- 
worthy ; in accordance with this it is found that many reactions are 
accompanied by distinct light phenomena, if care is taken to ensure 
a high velocity of reaction. 

Especially important from a theoretical point of view is the proof 
that in many cases reactions which are sensitive to light, emit light 
rays of the same wave-length as those towards which they are most 
sensitive. 


Theory of Photo-Chemical Action.—The theories on the 
mechanism by which the energy of the vibrations of the luminiferous 
ether is applied to the performance of chemical work are at present 


_ only vague. When we, however, consider that, in the light of recent 
views, light vibrations are produced by electric agitations, it is probable 
_ that the chemical action of light corresponds to the formation and 


decomposition of chemical compounds under the influence of the 
galvanic current. In this connection it is important to notice O. 


_ Wiener’s proof that when stationary light waves act on silver chloride- 


collodion, it is only the electric and not the magnetic vector in the 


‘é light which causes the photo-chemical process.? But the principles on 


= 


_ which the mathematical description of the course of a photo-chemical 


reaction depends, appear to have been discovered. They differ con- 


siderably in the most important cases from those which apply to 


veactions taking place in the dark. In order to get a useful working 


: 1 Zeitschr. phys. Chem. 41. 1 (1902). 
2 Thid. 53. 1 (1905); Jahrbuch der Radioaktivitat, 4. vol. 2 (1907). 
3 Wied. Ann. 40, 203 (1890). 
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hypothesis, we must suppose that light action is of two kinds. In 
the so-called catalytic photo-reactions, as, for instance, the decomposition 
of hydrogen iodide, investigated thoroughly by M. Bodenstein,* light 
accelerates a reaction which may also take place in the dark, though 
at a much slower rate, or only at high temperatures. Light has here 
a loosening effect. The second kind of action is reversible, and con- 
sists in the alteration of a state of equilibrium by light, which there- 
fore performs work against the chemical forces. Often both effects 
are produced at once, as in the mutual transformation of oxygen and 
ozone, where rays of a certain wave-length perform work by changing 
oxygen into ozone, while at the same time rays of another wave-length 
change the resulting ozone back into oxygen, thus working in the 
same direction as the chemical forces. Regener? has shown that in 
the neighbourhood of a quartz glass mercury vapour lamp, which is 
extremely rich in ultra-violet rays, a considerable quantity of ozone 
is present at equilibrium, while at the ordinary temperature in the 
dark, the amount of ozone present at equilibrium is immeasurably small. 
An especially good example of the displacement of an equilibrium by 
light, which is quite free from catalytic disturbances, was discovered 
by Luther and Weigert.? Anthracene changes under the influence of 
light into a bimolecular dianthracene, which changes back into 
anthracene in the dark very slowly at the ordinary temperature, but 
with measurable velocity at about 160°—the change being practically 
complete. W. Marckwald* and H. Stobbe * have described reversible 
transformations of solid substances under the influence of light. — 
Catalytic light reactions obey the formule of ordinary chemical 


dynamics. Experience has shown, however, that a reaction which — 


takes place in certain ways in the dark can also go on in other ways 
in the light, so that although the same end products are reached in 


both cases, the reaction in light may be of a different order. An 


excellent example of this is found in the decomposition of hydrogen 
iodide, which has already been mentioned above. In the light this 


reaction is of the first order, and takes place according to the equation — 


ee 
while in the dark it is of the second order, and is represented thus : 
2HI =H, + I,. i 


We must assume, however, that the bimolecular reaction also takes 
place in light, besides the monomolecular, although its importance is 
insignificant. 

We arrive, therefore, at a general formulation for the reaction 


1 Zeitschr. phys. Chem. 22. 23 (1897). 

2 Ann. d. phys. 20, 1083 (1906). 

3 Zeitschr. phys. Chem. 51, 297 ; 58. 885 (1905). 
4 {bid. BO. 140 (1899). 

5 Liebig’s Ann. 359. 1 (1908). 
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velocity by putting V equal to a sum of expressions of the kind given 
on p. 445. The velocity coefficients of all these reactions and reverse 
| reactions will depend more or less on the intensity of illumination, 
;. and it is the fact that the degree of this dependence is different for 
_ the different reactions that often cause the reaction as a whole to be 
| of a different order in the light. Experimental evidence supports the 
' obvious inference that the change caused by light of a certain kind 
in the velocity coefficients of the reactions taking place in the dark, is 
_ proportional to the intensity of the light. But apart from the different 
ways in which the reaction takes place, it is to be expected for purely 
optical reasons that the reaction in light can be of a different order to 
that in the dark ; for the optical and photo-chemical absorption of the 
| light causes a variation in light-intensity from point to point in the 
| system, so that the different velocity coefficients become functions of 
| position. But the varying reaction velocities involve the further 
‘complication that differences in concentration are set up in the system, 
which tend to equalise themselves by diffusion—a point which is 
especially to be remembered when dealing with the theory of liquid 
actinometers. 
The relations are very simple when the light intensity in the 
system can be regarded as constant; when the reaction advances 
_ almost to completion, so that k’=0; and when, finally, the reaction 
| can only take place in one way. These conditions are fulfilled in 
Wittwer's! researches, who investigated the velocity of the action of 
dissolved chlorine upon water, under the influence of light. In this 
special case, the above general equation reduces simply to 


Y= * hel ke 
_ where ¢ is the concentration of the chlorine. This agrees very well 
| with the observations. 
| __ But although catalytic light reactions can be included in the general 
_ scheme of chemical dynamics, yet they really occupy a peculiar 
position. This is shown in the influence of temperature upon them. 
| The velocity of photo-chemical reactions, even when they are reversible, 
rises only slightly with the temperature, whereas that of reactions 
_ taking place in the dark is very highly increased.” We cannot, there- 
_ fore, suppose that the action of light in a photo-chemical process is to 
loosen the combination of the atoms in the molecule, nor, in other 
| words, that illumination has a similar influence to a rise in temperature 
| on the reaction capacity ; rather must the primary effect be an action 
on the light ether, and it seems probable that the ionisation phenomena 
described in the ninth chapter of the second book play a part in 
-photo-chemical processes. 


oe} 
, 1 Pogg. Ann. 94. 598 (1855). 
2 See the paper by Goldberg, referred to on p. 787. 
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Byk! has developed a mathematical theory of reversible light 
reactions with the help of thermodynamics, starting from the hypothesis 
“that no transformation of material, but only of energy, is caused by 
the intensity of the incident light (its energy), and that the work 
performed against chemical forces is proportional to the incident light 
energy.” Byk arrived at the following formula for the velocity of 
formation of dianthracene from anthracene :— 

dD aka iD 


dt D \ 
V(e+ RT In az 


where D and A are the concentrations of dianthracene and anthracene 
respectively, aH, the quantity of light energy made chemically 
useful in one second, e the work of transformation for certain normal 
concentrations, V the total volume, k the velocity constant of the 
reaction in the dark. From this equation a series of further 
peculiarities of the process besides those already mentioned can be 
deduced, as, for example, the influence of the strength of light upon 
the concentration of dianthracene at equilibrium. To obtain.a better 
quantitative agreement, Byk has made the further assumption that a 
certain fraction of the radiation energy is converted into heat— 
an assumption which is perfectly legitimate from the electromagnetic 
standpoint. 

Resonance phenomena probably have a good deal to do with the 
special kind of electromagnetic process taking place here. As the 
amount of accumulated energy of resonance is determined in the first 


place by the refractive indices, it can be understood that the strongly © 


refractive rays of short wave length are the most photo-chemically 


active.” 
In agreement with this it is found that photographic plates can 


only be made sensitive for light rays of long wave-length by means — 


of dyes which cause anomalous dispersion, 7.e. which have abnormally 
high refractive power for the long rays. 


Warburg (Ber. d. D. Physik. Ges. 5. 753 (1907)) and Trautz (Zeitschr. f. 
wissenschaftl. Photographie, 6. 169 (1908)) have pointed out the necessary — 
deduction from the second law of thermodynamics that the work available — 
for chemical purposes is to a certain extent limited even in the most — 


favourable case. If ‘I’ is the temperature of radiation, T the temperature 


of substance, then according to the Carnot-Clausius principle only the | 


i 


a 


fraction 


chemical work. With the sources of light generally used, however, the 


difference of this factor from unity has only the nature of a small correction. 
There can be no doubt that the second law of thermodynamics is applicable 


of the energy of radiation can in any case be available for — 
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kind are met with. If we make the assumption (which can scarcely be 


1 disputed) that it is possible to fill a chemical system with any (mono- 


chromatic) radiation, and that photo-chemical equilibrium is attained before 


' this radiation is destroyed or transformed by absorption, then by considera- 


tions exactly analogous to those on \p. 675 we arrive at the relation 


ees Vv 
or Vo 


where 7 is the radiation pressure of the (monochromatic) relation in question, 
and V, the increase in volume which is produced at the radiation pressure 
a, by the luminescence radiation caused by the transformation of one mol. 

This equation contains the thermodynamical foundation of Trautz’s 
theorem mentioned on p. 787; an experimental proof of it would be of the 
greatest interest. It is not to be supposed, however, that this equation 
covers all photo-chemical processes. {~~ 


The problem to what degree in any single case light acts with or 
against the chemical affinity still lacks a complete solution; its 
importance is best made clear by pointing out that photo-chemical 


_ processes are practically the only means by which we can store up the 


energy of the sun’s radiation! in the form of useful work, and their 
products are the greatest objects of the “struggle for existence.” 

The struggle for existence is therefore, as pinwee 2 emphasised, 
not a struggle for fundamental material—the fundamental material 
of all organisms is present in excess in earth, air, and water: it is 
not even a struggle for energy itself, for quantities of energy fill our 
environment in the inconvertible form of heat; it is a struggle for 
the free energy available for work, which the plant world stores up from 
the sunlight, like electrical energy is stored in an accumulator. 

In the preceding chapters of this book we have been able to 
develop the relations between heat, electrical and chemical energy, 


and there can be no doubt that a similar thorough explanation of the 


transformation of radiant energy into chemical would be a success of the 
highest importance, and a further step towards the goal which 
theoretical chemistry even now makes possible, of placing side by 


side and in perfect equality with the doctrine of the material changes 


of nature, so long the chief interest and incentive of the chemist, a 
doctrine of the transformations of energy. 
1 The enormous economic value of the sun’s radiation, the greater part of which is 


still turned to no account, has been recently pointed out by R. Luther in a lecture on 
the Problems of Photo-chemistry (Leipzig, 1905, A. Barth). The earth receives from 


_ the sun constantly some 200 billion horse-power, while the horse-power of all steam and 


other engines collectively is some two’ million times smaller. Only about three- 


_millionths of the above amount of energy is utilised photo-chemically by the plant 
_ world, the remainder leaves the earth without performing any useful work. ‘‘ In face of 
_ this enormous amount of energy it needs no prophetic power to foretell an age of 
_ technical photo-mechanies and technical photo-chemistry.” 

| # Der zweite Hauptsatz der mech. Wirme, Wien (Gerold), 1886, p. 21. Populire 
_ Schriften, No. 3 (Leipzig, 1905). 
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and free energy, 743 
Electrons, 395, 412, 730 
action of, on gases, 397 
on electrolytes, 730 
mass of, 397 
Electrostriction, 386 
Elements, 7, 33 
colour of the, 342 
disintegration of, 413 
positive and negative, 403 
properties of, 183 
spectra of, 190 
time constant of, 414 
Ellipsoid of dilation, 86 
Emanation of radium, 416 
Enantiomorphism, 78 
Endothermic cells, 739 
reactions, 595 
reactions at high temperatures, 670 
Energy of a gas, 42 
comparison of free and total, 704 
electrical, development of, 728, 736 
of formation, 704 
indestructibility of, 7 
internal, 8 
Entropy, 27, 28, 29, 206 
Equation of condition, 220 
Equations of motion, 13 
Equilibria, calculation of, from explosions, 
689 
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Equilibrium, chemical, 440, 552, 589, 673 
calculation of, 718 
conditions of, 28 
constant, 446 
constant and temperature, 654 
determination of, at high temperatures, 
687 
and dissociation constants, 464 
between electrolytes, 516 
and electromotive force, 749 
in gases, 448, 716, 718 
heterogeneous, 718 
between liquid and solid solutions, 502 
principle of mobile, 674 
in solids, 470 
in solutions, 461 
Erg, 10 
Esterification, 441, 457, 506, 573, 608 
in benzene, 466 
Esters, boiling-points of, 62 
dissociation of, 460 
reduced co-ordinates of, 231 
saponification of, 557, 560, 569 
Etched figures, 79, 85 
Ether and water, mutual solubility, 269 
Ethyl acetate, heat of formation, 608 
iodide and triethylamine, velocity of 
reaction of, 579 
Ethylene, pressure and volume of, 210 
union, the, 313, 321 
Eutectic mixtures, 120, 630 
Evaporation, 213, 685 
separation of dissolved substance by, 139 
separation of solvent by, 132 
Excess of dissociation products, effect of, 
455 
potential, 766 
Expansion of a gas, 20 
Explosions, 684, 689, 695 
Explosive antimony, 95 
Explosives, liquid and solid, 697 


Ferment reactions, 583 
Ferments, inorganic, 583 
Ferric chloride and water, 627 
Ferrocyanide membrane, 129 
Flames, conductivity in, 381 
Fluor-benzene, specific volume of, 227 
Fluorescence, 339, 348, 785 
Free energy, 26, 28, 35, 708, 704 
Freezing mixtures, 121 
point, depression of, 146, 163, 259 
of colloidal solutions, 420 
of dilute solutions, 261, 501 
Friction, 14 
Frictional resistance of ions, 368, 374 
to diffusion, 152 
Fusible alloys, 122 


Galvanic cells, 728, 749 
temperature co-efficient of, 738 
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das batteries, 743, 747, 761 
constant, 40, 753. 
exact value of, 212 
Guseous laws, deviation from, 207 
Gases, 37 
at high pressures, 53, 207, 235 
density of, 87, 41, 249 
dissociation of, 348, 452, 665 
equilibrium in, 448, 716 
evolution of, from solids, 476 f. 
expansion of, 38 
heat of solution of, 664 
kinetic theory of, 198 
laws of, 38 
molecular refraction of, 316 
weight of, 249, 272 
reactions, optical sensitisation of, 778 
thermodynamics of, 45, 51, 53 
Gas ions, 397 
condensation by, 403 
number of molecules in, 402 
Gas mixtures, 96 
Gay-Lussac’s law, 38 
Gelatination, 423 
Geometrical isomerism, 298 
Gold, diffusion in lead, 162 
leaf, thinness of, 430 
Graphical method (Clapeyron’s), 22 


Hemoglobin, 700 
Heat capacity, 43 
of adsorption, 124 
of combination of solids, 601 
of combustion, 320, 598, 607 
of dilution, 148, 161, 603 
of dissociation of acids, 611 
of dissociation of gases, 665 
of dissociation in solution, 668 
of evaporation, 56, 236, 272, 274, 660 
of explosion, 697 
of formation, 598, 606 
of hydration, 418, 662, 716 
of mixture, 109 
of neutralisation, 518, 595, 610, 669 
of reaction, 598, 600, 704 
of reaction and temperature, 600 
of reaction and thermal capacity, 600 
of solution, 602, 604, 663 
of sublimation, 71, 661 
of transition, 93 
production in galvanic cells, 736 
Heat evolved from radium, 412 
transfer of, 19 
Helium, production of, by radium, 412 
Heterogeneity, 471 
Heterogeneous equilibrium, 473, 616 
systems, kinetics of, 584 
Homogeneity of erystals, 72 
Homogeneous equilibrium, 520 
systems, 442 
Hydrate theory 536 
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Hydrated salts, melting of, 646 
oe dissociation of, 478, 662, 672, 
16 
of chromium chloride, isomerism of, 
380 
~~ of copper sulphate, dissociation of, 478 
of ferric chloride, solubility of, 627 
solubility of, 486 
Hydriodic acid, action of light on, 788 
. formation of, 448, 722 
heat of formation of, 606 
_ Hydroeyanic acid, tautomerism of, 577 
volatility of, 549 
Hydro-diffusion, 151 
Hydrogen, deviation from Boyle’s law, 
211 
diffusion of, through metals, 162 
electrode, 761 
evolution of, from metals, 755, 762, 766, 
Segal 
first spectrum of, 192 
heat of combustion, 594 
ions, acid property, 528 
ions, catalytic effect of, 554, 558 
Bivavetvdis of salts, 356, 519, 5380, 535, 
a 544, 548, 573 
Hydroxides, insolubility of, 769 
_ Hydroxyl, anomalous dispersion of, 316 
ion, basic properties of, 528 
ion, catalytic effects of, 566 


Ice, effect of pressure on melting-point of, 


Ideal concentrated solutions, 159, 248 
Ignition temperature, 685 
of gases by compression, 693 
Incandescent gases, 381 
Incomplete equilibrium, 473 
thermodynamics of, 653 
Incomplete reactions, 573 
Indestructibility of energy, 7 
of matter, 6 
Index ellipsoid, 88 
Indicators, theory of, 533 
- sensitiveness of, 535 
_ Indifferent gases, influence of, on equilib- 
rium, 454 
- Indium, chlorides of, 285 
Intermolecular action, principle of, 291 
- Internal friction, 203, 333 
_ pressure of liquids, 248, 387 
salt, 381 
‘ Inversion of cane sugars, 557, 679 
_ Tonie mobility, 366, 391 
mobility and temperature coefficient, 
367 
reactions, 545 f. 
-. velocities, 371 
Tons, 356, 395, 726 ve! 
absolute charge of, 485 


Ton and electron, 395 4 
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Tons, complex, 541 
diffusion of, 751 
electrostriction by, 386 
friction of the, 374 
in gases, 397 ff. 
migration of, 357 
reactivity of, 507 
with positive and negative charges, 380 
Iron and water, reaction between, 482 
Isochore of reaction, 654 
Isodimorphism, 116, 176 
Isohydric solutions, 515 
Isomeric ions, 391 
Isomerism, 92, 278 
geometrical, 298 
optical, 296 
Isomers, boiling-point of, 327 
heat of formation, 608 
number of, 291, 295 
Isomorphism, 173 
of elements, 187 
Isomorphous mixtures, 115, 176, 501 
thermodynamics of, 122 
Is-osmotic solutions, 151 
Isotherm of a condensing vapour, 216 
of dissociation, 452 
of reaction, 654 
Isothermal distillation, 110, 152, 155 
process, 18, 23 
Isothermals, 223 
Isotropic bodies, 72 
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Joule-Thomson effect, 238 


Kilogrammeter, 10 
Kinetic energy of molecules, 199 
equilibrium, 589 
theory, 197 
theory of liquids, 212, 286 
of mixtures, 243 
of solutions, 241 
Kinetics, chemical, 551 
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Lactone, formation of, 575 
Latent heat, 23, 259, 603, 639 
heat of evaporation, 235, 237, 264, 272 
light action, 783 
Law of distribution, Maxwell’s, 204 
of zones, 73 
Lead salts, electrolysis of, 765 
Light, chemical action of, 776. See 
Photo-chemistry 
Line spectra, 191 
Liquefaction of gases, 240 
Liquid cells, 728 
crystals, 643 
mixtures, 101 
mixtures, thermodynamics of, 109 
Liquids, 55 
kinetic theory of, 212 
molecular weight of, 272, 275 
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Litre-atmosphere, 13, 594 
Luminescence, 190, 787 


Magnetic rotation of polarised light, 319 
Magnetism, atomic, 320 
Manocryometer, 69 
Mass-action, application of law of, 477, 
480, 542 
action, law of, 398, 443, 446, 657 
Mass of electrons, 397 
Maximal work, 19, 23, 24, 52, 657 
principle of, 702 
Mean free path, 203, 245 
Mechanical equivalent of heat, 7, 12 
Medium, influence on velocity of reaction, 
579 
Melting curves, detection .of compounds 
by, 631 
Melting-point, 67, 329, 640 
of alloys, 407 
effect of pressure on, 67 
of elements, 186 
of mixtures, 118 
Mercury, conductivity of, 361 
salts, action of copper on, 484 
vapour pressure of, 63 
vapour, specific heats of, 202 
Metal ammonia compounds, 378, 478 
Metallic conduction, 405, 774 
solutions, 406 
Metals, 405 
decomposition of water by, 767 
diffusion of, 407 
electrolytic separation of, 768 
precipitation of, 774 
solution of, 584, 754, 771 \ \\. 
spectra of, 195 vik) 
Metals and metalloids, 182 
Metamerism, 280 
Methyl orange, 534 
formation of, 572 
Migration of ions, 357, 362, 372 
Milk sugar, multirotation of, 576 
Miscibility of erystals, 176 
liquids, 494 
Mixed acids, dissociation of, 516 
Mixed crystals, 117, 163, 173, 175, 502 
Mixtures, liquid, 100 
of constant boiling-point, 108 
kinetic theory of, 243 
refractive power of, 103 
thermodynamics of, 109 
vapour pressure of, 106, 277 
Mobile equilibrium, principle of, 674 
Mobility of ions, 367, 391 
of gas ions, 399 
of ions, and periodic system, 391 
Modulus of density for ions, 386 
of refractive power for ions, 389 
Molecular attraction, 208 
compounds, 286 
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Molecular compounds, Werner’s theory of, 
378 
conductivity, 361, 365, 529 
dispersion, 314 
heat, 43, 202 
of solids, 168 
hypothesis, 31 
lowering of freezing-point, 146 
refraction, 312, 316 
and dielectric constant, 318 
state of dissolved bodies, 150, 468 
structure and physical properties, 303 
surface energy, 275 
volume, 219, 229, 304, 315, 675 
Molecular weight, 39, 249, 167 
of colloids, 419, 421 
determination, 250 ff. 
of gases, 249 
and heat of evaporation, 272 
in metallic solutions, 406, 741 
and osmotic pressure, 258 
of solids, 277 
and surface tension, 275 
Molecules, absolute size of, 430, 433 
attraction of, 209 
density of, 4388 
energy of, 199 
length of free path of, 203 
number in a cubic centimetre of gas, 437 
space occupied by, 4381 
volume of, 208, 219, 807, 315 
velocity of, 200, 204 
Multimolecular reactions, 568 
Mutual solubility of liquids, 106, 494 


Neutral elements, 182 
Neutralisation, 517 

heat of, 595, 610 
Neutrality of carbon, 289 
Neutral salt effect, 545, 558, 563 
Neutron, 399 
Nitric oxide, formation of, 671, 689, 722 
Nitrile and isonitrile, 294 
Nitrogen dioxide, dissociation of, 453, 668 

723 

Nitrogen, stereochemistry of, 300 
Non-aqueous solutions, 377 
Non-reversible processes, 680 
Notation, thermochemical, 594 
Nuclei of crystallisation, 248, 588 
Number of reacting molecules, 570 


Occlusion of gases, 774 

Ohm’s law, 5, 868, 683, 727 

One-sided properties, 105 

Optical isomerism, 296, 335 
properties of colloidal solutions, 422 
rotatory power. See Rotation 
sensitisation, 785 

Optically active crystals, 87 

Optic axis, 88 
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Organisms, action on optical isomers, 337 
_ Osmotic pressure, 125, 141, 258 

and chemical action, 467 

of colloids, 419 

-and gas pressure, 144 

and heat of dilution, 143 

and hydrodiffusion, 1514 

kinetic explanation of, 244 

laws of, 141 

of mixtures, 154 

of strong solutions, 130, 155, 246 

and solvent, 271 

and temperature, 142 

theory of, 154 


Osmotic theory of current production, 750 


chemical application of, 767 


- Osmotic work, 156, 246 


Oxidation cells, 762 
Oxidation, spontaneous, 698 
Oxides, composition of, 181 


Oxygen, atomic refraction of, 313 


Oxyhydrogen cells, 518, 744, 748, 762 
Ozone, formation of, by the silent dis- 
charge, 785 


Palladium, permeability of, 99 


Partition, law of. 


Paranitrophenol, 534 
Partial pressure, 57, 106 
See Distribution 
Passivity, 771 
Periodic system, 178 ff. 
Period of half-decay, 415 
Permanganates, absorption spectra of, 390 
Perpetuum mobile, 16 
Phase, influence of extent of, 673 

rule, 615 
Phases, 462 

law of equilibrium between, 672 
Phenol and water, mutual solubility, 270 
Phenolphthalein, 534, 536 
Photo-chemical absorption, 776 

extinction, 781 

induction, 781 

reactions, laws of, 786 

reactions, theory of, 787 

reactions and temperature, 789 


_ Photography, 783 


theory of, 784 


' Physical methods in analysis, use of, 461 


Physical mixtures, 29 

Picric acid, in water and benzene, 549 
Piezo-electricity, 90 

Plane of symmetry, 77 |. 


- Plasmolysis, 129 
’ Platin-ammonia compounds, 379 
- Poisons to inorganic ferments, 583 


Polarisation, galvanic, 727, 735, 739 
theory of, 771 

Polarisation of light by erystals, 88 

Polari-strobometer, 334 

Polonium, 411 


Polymerisation, 162, 272, 280 
of solvents, 377 

Polymorphism, 92 

Positive and negative elements, 403 

Potassium chloride, conductivity of, 361 
osmotic pressure of, 158 

Potential, 14 
anomalous, 760 
decomposition, 
excess, 766 
thermodynamic, 677 
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_ Precipitates, carrying down of salts by, 


504 
formation and solution of, 547 
Precipitation of colloids, 426 
of metals, 755, 774 
of silver chloride, 540 
Preparation of carbon compounds, 290 
Pressure, effect on equilibrium of, 440, 
675 
effect of non-uniform, 676 
Prout’s hypothesis, 183 
Pseudo-acids, 578 
Pyro-electricity, 90 


Racemates, formation of, 337, 647 
Racemic acid, 336 
Radicals, atomic, 282 
Radioactive equilibrium, 416 
Radioactivity and the atomic conception, 
417 
theory of, 413 
Radium, 411 
Ratio of specific heats, 48, 201 
Rationality of compound ratios, 76 
of indices, 75 
Reaction, constant, 553, 654, 658 
determination of the course of a, 569, 
570, 572 
isochore, integration of, 671 
isotherm and isochore, 654 
Reaction velocity. See Velocity 
Reactions, practically irreversible, 552 
reversible, 441 
Rectilinear diameter, law of, 228 
Reduced characteristic equation, 220 
Reduction, cells, 762 
electrolytic, 770 
Refractive power, 310 
of mixtures, 103 
of_salt solutions, 388 
Refractometer (Pulfrich), 308 
Reversible cells, 735 
electrodes, 735, 759 
processes, 17 
reactions, 441 
Ring compounds, 285, 292 
Rotation of polarised light, 319, 333, 337, 
391 
Rotatory power of alkaloids, 462 
Ruby glass, size of gold particles in, 431 
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Sal-ammoniac, action of lime on, 483 
Saponification of esters, 519, 557, 560, 
564, 569 
by pure water, 566 
Saturated layer round solids, 586 
Saturation pressure, 214 
of gases, 490, 664 s 
Semi-permeable partitions, 97, 99, 127 
use of, at high temperatures, 690 
Sensitisation, 785 
Separation, electrolytic, 764 
Silver bromate, solubility of, 538 
chloride, heat of precipitation of, 612, 
664 
chloride, solubility of, 540, 664, 759 
nitrate and mercury, equilibrium, 750 
nitrate concentration cell, 759 
salts, action of light on, 783 
Sodium, action on water at low tempera- 
tures, 708 
sulphate, transition of, 646, 651 
Solids, 55, 67 
active mass of, 477, 542 
density of, 305 
equilibrium in, 470 
kinetic theory of, 241 
molecular weight of, 277 
reactions of, 705 
refractive index of, 309 
solubility of, 484 
vapour pressure of, 70 
Solid solutions, 161, 164, 277, 503 
Solubility, 544 
coefticient, 490 
in compressed gases, 486 
of hydrates, 486 
influence of size of crystals on, 673 
of liquids, mutual, 494 
lowering of, 269 
mutual influence of salts on, 537, 540 
product, 541 
selective, 110, 136, 140 
of solids, 484, 663, 673 
and temperature, 663 
at transition point, 651 
Solution, 30 
of metals in acid, 584, 771 
pressure, 484, 754, 769 
rate of, 584 
Solutions, electromotive force between, 
752 
equilibrium in, 461 
freezing of, 501 
kinetic theory of, 244 
Solvent, active mass of the, 469, 659 
dissociation of the, 518, 669 . 
influence of the, 270, 468, 485, 659 
nature of, 149 
Sound, velocity of, 50 
Specific gravities, 305 
refraction, 311, 435 
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Specific volume, 222, 304 
Specific heat, 9, 30, 143, 168, 242, 710 
and dissociation, 350 
of elements, 167 ff., 242 
of gases, 42, 46, 48, 170, 201, 235, 
350 
of liquids, 235 
at low temperatures, 710, 715 
ratio of, 48, 201 
of solutions, 248 
of water, 248 
Spectra, absorption, 339 
of elements, 190 
Sphere of action of molecular forces, 430 
Spontaneous crystallisation, 673 
Standard cell, 729 R 
Steam, specific volume of, 59 
Stereochemistry, 295 
of nitrogen, 300 
of other elements, 302 
Streaming method, the, 687 
Strength of acids and bases, 526 
Strong electrolytes, dissociation of, 509 
law of mass-action applied to, 542 
Sublimation, 70, 476 
and dissociation, 484 
heat of, 70, 661 
Substitution, effect of, on boiling-point, 
325 
Succinic acid, solubility of, 663 
Sulphur dioxide, catalytic oxidation of, 581 
critical point, 66 
and water, 622 
Sulphur, dissociation of, 456 
transition of, 94, 642, 713 
Sulphuretted hydrogen, formation of, 558 
Sulphuric acid solutions, 161 
Supersaturation, 630 
Surface energy, 84, 275 
tension, 56, 275 
tension and equilibrium, 673 
Symmetry, 73, 77 


Tartaric acids, rotation of, 836 
Tautomerism, 343, 577 


Temperature and electromotive force, 738 ~ 


Temperature, effect on heat of reaction, 599 — 


influence on equilibrium, 673 
and specific heats of gases, 201 
Thallous chloride, solubility of, 539 

Thermal analysis, 631 
conductivity, 208, 351 
Thermodynamic classification, 34 
equilibrium, 28 
Thermodynamic potential, 677 
Thermodynamics, a new theorem of, 709 
laws of, 7, 15, 23 
Thermoelectric forces in alloys, 408 
Thermometer, Beckmann, 261 
Thermo-neutrality, law of, 609 
Thomson’s rule, 733 
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Tin, transition of, 643 
Total energy of a chemical system, 596 
Transition point, 618 
Transition temperature, 93, 641 
calculation of, 712 
determination of, 650 
effect of pressure on, 641, 642 
Translation, kinetic energy of, 199, 596 
Transport numbers, 362, 366 
| ‘Trimolecular reactions, 568 
| Triple bond, 299, 313 
point, 621 
Trouton’s rule, 273, 720 
Twin elements, 183 
Twinning of crystals, 83 
Typical reactions, 545 


Undereooling, 71, 94, 122, 330, 588, 621 

Unilateral absorption of light, 340 

Unimolecular reactions, 559 

Unstable compounds in organic chemistry, 
681 

fluid state, 217 

Unsymmetrical carbon compounds, 297, 
335 

Uranium, decay of, 416 

Urea, formation of, 576 


Valency, 282 
variability of, 284 
Valencies, partial, 293 
Vaporisation, 58, 660 (see heat of evapora- 
tion) 
Vapour density, abnormal, 347 
determination of, 249 ff. 
at reduced pressure, 256 
at high temperatures, 253 
Vapour pressure, 55 
of concentrated solutions, 159 
curve, 60, 233, 620 
Vapour pressure, lowering of, 114, 132, 
144, 263, 489 
of mixtures, 105, 277 
of small drops, 673 
of solids, 70 
of solutions, 182, 489 
of solvent and active mass, 659 
at transition point, 649 
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Velocity of explosion, 694 
of ions, 371 
of tautomeric change, 578 
of transition, 683 
of reaction, 443, 552 
Velocity of reaction and heat of reaction, 
684, 707 
and temperature, 449, 679, 683 
Viscosity, of gases, 204 
and rate of reaction, 580 


| Volatile substances, boiling-points of solu- 


tions of, 268 
Volta’s cell, 729, 735 
Volume, specific, 101, 222, 226 
at absolute zero, 232 


Water, conductivity of, 519, 670 
conductivity of, temperature coefficient, 
520, 670 
of crystallisation, 116 
dissociating force of, 271 
electrolysis of, 768 
heat of formation of, 597, 720 
heat of vaporisation of, 59 
infra-red dispersion, 318 
ionisation of, 517, 528, 538, 567, 670 
phases of, 619 
polymerisation of, 287 
saponification by, 566 
specific heat of, 11 
specific volume of, 59 


- Water vapour, catalytic action of, 581, 700 


dissociation of, 691, 720 
formation of, 684 
influence of, on mobility of gas ions, 
401 
pressure of, 59, 620 
Weston cell, 729 
Wood’s metal, 122 
Work, definition of, 18, 15 
electrical, 731 
maximal. See Maximal work 


Zeeman effect, the, 397 
Zine sulphide, solubility in acids, 541 
methyl, 290 


‘Zones, law of, 73 


Zwitter-ions, 381, 887 
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| Abbe, 308 

| Abegg, 139, 262 f., 374, 380, 447, 784 
| Abney, 783 

|| Abraham, 397 


Adriani, 631 
Alexandrow, 420 


| Alexejew, 494 

| Amagat, 53, 54, 210, 223 
| Ames, 193 

- Anderlini, 313 


Andreae, 478 


- Andrews, 53, 64, 66, 215, 216, 219, 602 


Angeli, 547 


| Appleyard, 124 


Arago, 334 


| Arons, 317 
Arrhenius, 132, 362, 374, 381 ff., 428, 507, 
515, 517 ff, 525 ff., 553 ff., 560, 563, 
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| Arzruni, 173 

|| Askenasy, 152 

| Aston, 276, 377 

| Aulich, 491 k 
|| Auwers, 259, 279, 469 

| Avogadro, 39, 150, 166, 200, 257, 348, 
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